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\N IMPROVED FORM OF STANDARD IONIZATION 
CHAMBER ! 


By Lauriston S. Taylor and George Singer 


ABSTRACT 


modification of the open-air parallel plate ionization chamber, readily port- 
>and adapted to field use, is described. In this chamber, narrow guard plates 
supplemented by a system of 10 guard wires across the ends of the chamber. 
wires are so Spaced that X-ray scattering from them is negligible. By this 
ns a uniform electrostatic field between electrodes is obtained without the 
of wide guard plates and the large plate-to-shield spacing necessary in the 
sry standard. This design has permitted a decrease in the volume and 
ht of the secondary standard by a factor of 15. 

je results of direct comparisons between this chamber and the primary 
dard are given and indicate that the Roentgen can be reproduced by the 
er with the same accuracy as the primary standard. The problem of dia- 
wming is identical for the two chambers, and for a given tube the same 
erse power law holds for both. Like the standard chamber, the new chamber 
snot require that corrections be made for differences in X-ray quality. 

ny of the usual electrostatic measuring systems may be used with this chamber 
ough for precise work a null or current compensation system is desirable. 
tisexpected that this type of chamber will be found useful in the international 
parisons of the Roentgen now pending, for which purpose the “‘fingerhut- 
mer” is generally inadequate. 


CONTENTS 


. Introduction 

. Construction 

. Adjustment and alignment 
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I. INTRODUCTION 


The unit of intensity of an X-ray beam has been defined ? in 
us of the ionization produced in 1 cubic centimeter of unrestricted 
nospheric air®; and as a result the air ionization chamber is, at 
st temporarily, established as the primary standard for X-ray 
tensity measurements. 

Two distinct types of standard ionization chambers have been 
d; (2) The pressure air chamber, designed by Thaller* and by 


inken * © to give comparatively large ionization currents, meas- 





Paper read before Radiological Society of North America, Toronto meeting, December 2 to 6, 1929. 


‘cond International Congress of Radiology, Stockholm; July 23 to 27, 1928. 

Paragraphs 2and 3. “Report of International X-Ray Unit Committee’ (Recommended) “2. That 

‘ternational Unit be the quantity of X-radiation which when the secondary electrons are fully utilized 
wall effect of the chamber is avoided, produces in 1 cubic centimeter of atmospheric air at 0° C. and 
nercury pressure such a degree of conductivity that one electrostatic unit of charge is measured at 
mn current.’”” (Recommended.) ‘3. That the International Unit of X-radiation be called the 
en’ and that it be designated by the small letter r.”” 

4 — O. Berg. and W. Schwerdfeger, Wissenschaftliche Veroffentlichungen aus dem Siemenskon- 
Pp. 162; 1924. 

i. Behnken, Zeit. fur Techn. Phys., 5, p. 3; 1924. 

4, Behnken, Zeit, fur Techn, Phys,, 2, p, 563, 1926, 
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urable without the use of extremely sensitive instruments; (b) } 
atmospheric pressure air chamber, of which the construction , 
manipulation is comparatively simple. The first type was employ 
by the Physikalisch-Technischen-Reichsanstalt until their y 
recent adoption of a cylindrical form of atmospheric air chan} 
In this country the second type has been used exclusively. 

The atmospheric or open-air chamber was conceived as a resi; 
Villard’s definition of the ‘‘e’’ unit in 1908,’ and was later develo 
by Friedrich.’ As a result of further refinements by Duane,’ Glas 
Failla,"’ Kustner,” * the authors,’ ' and others, it is now apparen 
adequate for present demands. Using well-controlled, constant yj 
age on the X-ray tube, correct diaphragming of the X-ray beam y 
a refined measuring technique, the Roentgen can be reproduced 
the present time at the National Bureau of Standards with a ma 
deviation of about +0.5 per cent.'® 

It is not sufficient, however, that the unit be duplicable in any 
laboratory, but there must be also good agreement between the wi 
as determined by all standardization laboratories. In the establis 
ment of standards, it is obviously desirable to have them corre:t{ 
one significant figure better than the magnitudes they are used 
certify. Applied in the case of the international Roentgen unit, 
medical practice demands an accuracy of 5 per cent in the calibrati 
of its ionometers, the national standardization centers should br 
about an agreement, if possible, between their respective standan 
of 0.5 per cent. There has been as yet, however, no direct check 
the Roentgen between the national standardizing laboratories. 

The only comparison of international character was made } 
Behnken " in 1927 before a standard was developed at the Bureau 
Standards. He found at the time an agreement of about +4 per cet 
between several American and German laboratories and the Reich 
anstalt. The only basis at present for agreement between the bure 
and the Reichsanstalt rests on a comparison recently made betwee 
the former and the Cleveland clinic which had been found to | 
within about 4 per cent of the Reichsanstalt. 

Behnken’s medium for transferring the unit was a carefully co 
structed ionometer with a magnesium thimble chamber and a uraniul 
oxide auxiliary radiation standard for controlling its sensitivity. : 
that time this was the best known means for effecting such a compa 
son, but later work—particularly that of Braun and Kustner ® ” a 
this laboratory * #\—has proved it to be inadequate for the hig 
precision necessary. In a recent paper it was shown that while 
thimble chamber ionometer is sufficiently accurate for intensity me 
urements in X-ray therapy it is liable to errors due to such factors 





7A. Villard, Arch. d’Elec. Med., p. 692; 1908. 

§ Kroenig and Friedrich, Radiation Therapy; 1922. 

§ W. Duane and E. Lorenz, Am. J. Roent., 19, p. 461; 1928. 

10 QO. Glasser and V. V. Portmann, Am. J. Roent., 19, p. 47; 1928. 
11 G, Failla, Am. J. Roent., 21, p. 47; 1929. 

13 H. Kustner, Phys. Zeit., 28, p. 797; 1927. 

13 H. Kustner, Strahlen., 27, p. 331; 1928. 

4 L.S. Taylor, B. S. Jour. Research, 2, p. 771; 1929. 

16 L. 8. Taylor, B. 8S. Jour. Research, 3, p. 807; 1929. 

i¢L.. 8. Taylor, Radiology, 14, p. 3; 1930. 

17 H. Behnken, Strahlen., 29, p. 192; 1928. 

18 R. Braun and H. Kustner, Strahlen., 32, p. 550; 1929. 

# R. Braun and H. Kustner, Strahlen., 32, p. 739; 1929. 

#” L. 8S. Taylor and G. Singer, B. 8. Jour. Research, 4 (RP 169), p. 631; 1930. 
2.8. Taylor, Radiology, 15, p. 227; 1930, 
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, “wall effect,” nonuniform distribution of ionization within the 
»mber and the effective chamber length, all of which render such 
instrument incapable of the precision attainable with the standard. 
the various standards can not themselves be directly compared, the 
parison instrument should have a precision at least as good as the 
ndards. 

Vith this problem of agreement in mind, at the time the present 
mary standard was being developed, efforts were also directed 
vard the design of a readily portable secondary standard, the 
uracy of which would be equivalent to that of the primary. 


II. CONSTRUCTION 


In the design of a standard chamber, the fulfillment of certain 
cessary requirements renders the instrument large and heavy. 
pr example, the plate spacing must be sufficient so that a negligible 
imber of photo-electrons strike them, thus decreasing the amount 
measured ionization produced by a given beam. Duan,” Failla,”* 
d Glasser** found for a parallell plate ionization chamber with the 
am passing centrally between the plate that a spacing of 10 cm 
ks sufficient. In order to permit the use of a wider beam of X rays, 
e standard chamber here used has a plate spacing of 12 cm. 
The width of the guard plates must be about one and one-half to 
0 times the plate spacing for this type of chamber” in order 
hat there be a perfectly parallel electric field across the whole width 
the collector electrode. Thus, for a plate spacing of 12 cm, the 
ards must be about 20 cm wide. 
Also, if the plate system is to be inclosed in a grounded metal box 
electrostatic and X-ray shielding, the spacing between the charged 
ate and box must be at least that of the interplate spacing. 
On account of these considerations the present standard chamber 
necessarily very large and unwieldy. ‘The cylindrical chamber 
ed by Behnken is a little less so, but not enough to permit trans- 
rtation and field use. 
It has not been found possible heretofore to decrease either the 
terelectrode spacing or the spacing between the electrodes and 
he grounded case. However, by means of a guard wire system, it 
as been found possible for a plate spacing of 12 cm to reduce the 
uard plate width from 18 to 5 em and, likewise, the distance between 
ch potential electrode and grounded case from 12 to 3 cm. 
This modified type of ionization chamber is shown diagramatically 
Figure 1 from which it is seen that the guard plates are relatively 
arow and the wall spacing small; whereas, ordinarily, such narrow 
uard plates would be entirely inadequate to insure a parallel field 
tthe center of the chamber. 
The field is rendered parallel by placing 10 small aluminum guard 
res (a, b, c, - — —) across the ends of the chamber parallel to the 
ectrodes and about 1.1 cm apart, except for the center pair which 
re spaced about 1.6 cm apart. To each of these wires, beginning at 





"L.S. Taylor and G. Singer, see footnote 20. 

“W. Duane and E, Lorenz, Am. J. Roent., 19, p. 461; 1928. 

“G, Failla, Am. J. Roent., 21, p. 47; 1929.. 

x Hlasser and V. V. Portmann, Am. J. Roent., 21, p. 47; 1929. 
™G, Failla, Am, J. Roent., 21, p. 47; 1929. 

"L.S, Taylor, B, 8, Jour. Research, 2, p. 771; 1929. 
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the one nearest the guard, is applied a potential greater than th 
of the preceding wire by one-tenth the total voltage used to satyy; 
the chamber. Thus, for 2,000 volts applied to the chamber, ; 
wires (a, b, c, - --) have potentials of 200, 400, 600, - - - volts. 
is easily accomplished by a series of 11 one- -half megohm resisto: 
connected in series betw een ground and the high potential plate, th 
successive guard wires connecting successive “resistors.23 The ele 
tric field is thereby corrected as sketched in Figure 1. 

Common grid-leak resistors may be used for the potential divide, 
provided they remain essentially constant with respect to ea 
other. Wire-wound half-megohm resistors are more reliable by 
require more space. The potential of each wire was carefully checke 
with an electrostatic voltmeter and found to have the proper vali 
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FiavurE 1.—Diagrammatic cross section of ionization chamber showing some 
of the lines of force as affected by the guard wire system 
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A photograph of the assembled electrode system is shown in Figu 
2. In this the resistors are mounted on a hard-rubber sheet and th 
wires spaced on hard-rubber rods, the surface leakage of this mater! 
being negligible compared with ‘that of the resistors. One of tl 
four hard-rubber spacer rods may be replaced by a high resistane 

graphite rod and this used as the potential divider. Such a device 
however, renders the chamber less rugged. 

The electrode system is completely surrounded by a lead b 
braced with brass where necessary. Although this surrounding (as 
is only 3 cm from the edges of the electrodes, ‘this does not in any wil 
affect the field within the chamber, sinc e the potential wires provid 
sufficient field correction. Figure 3 shows this ionization chambe 
completely assembled with a ‘flexile cable to connect to the de 
trostatic measuring system. 





’ This type of application of electrostatic shielding of the space between parallel plates at different p te 
tis ils was first used by H. B. Brooks who developed the idea in 1916 and applied it to the design of a0 4 
tracted disk electrometer, C, Snow, B, 8, Jour, Research, 1 (RP17), p. 513; 1928, 
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Figure 2.—Assembled electrode system showing guard wires and potential 


divider 
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Figure 3.—Complete ionization chamber system, including electrometer E, 
and high potential generator H, mounted on track T, facing X-ray lube 











Secondary Standard Ionization Chamber 


The diaphragm system used with this is designed in accordance 
‘) that of the primary standard® and is held in place by a lead- 
ed brass tube which fastens to the front of the ionization chamber. 
he diameter of the limiting diaphragm is 0.8 cm so that the direct 
am passing through the chamber does not strike any of the guard 
res, At the inner end of the lead tube is a diaphragm 1.2 cm in 
smeter Which minimizes the effect of any radiation scattered from 
e front diaphragm and the lead walls. At the back of the cham- 
the beam passes out through a 3-cm hole covered with a thin 
ot of celluloid to eliminate air drafts. 
The electrostatic measuring system is essentially the same as that 
id with the standard chamber and has been previously described 
detail! For field use, where the highest precision is not demanded, 
) idiostatic string electrometer system is used. The nature and 
amitude of the error introduced through the use of this method 
is been previously investigated,** so that for the present needs 
e necessary correction can be made fairly closely. A portable 
jostatic string electrometer, H (fig. 3) is connected directly to the 
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FicurE 4.—Diagram of portable kenotron rectified 2,200- 
volt generator 











nization chamber, C, by means of a flexible cable, F. A and B 
e concentric cylinder condensers used for changing the sensitivity 
the measuring systems.” 

The potential used to saturate the chamber is supplied from a 
mpact portable kenotron rectifier shown in figures 3 (H), 4, and 5. 
low power 110-volt, 60-cycle transformer i), specially built, is 
rovided with two secondaries; S, to light the filament of a type 
-1 kenotron K and S, te provide 1,550 volts rms which is rectified 
)give 2,200 volts d. c. In order to smooth out the rectified voltage, 
he capacitance, C, consisting of two 2 uf condensers in series, is 
nserted between ground and the high side. A protective resistance, 
, of several megohms prevents an accidental dangerous flow of 
wrent. The voltage is led to the chamber by means of a rubber- 
there cable, D (fig. 3), surrounded by a grounded copper “ pigtail”’ 
heath, 





L. 8, Taylor, B. S. Jour. Research, 3, p. 807; 1929. 
4.5. Taylor. See footnote 27, p. 507. 
‘A current-balancing null system was first employed, using for this purpose a uranium oxide ionization 
rin which the ionization current was adjusted by a large iris diaphragm placed about 1 mm from 
m oxide covered plate. Since then Failla *3 and Jaeger *4 have devised better forms of ionization 
mpensators; hence, it is planned in the future to use a radium-compensating chamber devised and very 
‘Uy furnished us by Dr. Failla. This system provides a wide range of currents and lends itself well 
‘ralsportation with unaltered calibration. 
G. Failla (seen in MS. form. Read at Toronto, Dec. 3, 1929). 


*R, Jaeger, Strahlen., 38, p. 542; 1929. 
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III. ADJUSTMENT AND ALIGNMENT 


From the foregoing it is evident that the chamber closely resem) 
the standard chamber already described.® This is highly desirg\j, 
since it makes the conditions of alignment and diaphragming identicg 
for the two and consequently minimizes uncertainty due to correctig, 
which must otherwise be made. 

As with the primary standard, the alignment with respect to } 
X-ray tube is fairly critical. For experimental test the cham} 
was mounted on a 2 m track, T (fig. 3), placed parallel to the X-1y 
beam and pivoted so as to rotate horizontally about its cents 
Lateral adjustment in the X-ray beam is effected by moving d 
X-ray tube. (For field use the chamber is mounted on a short {: 
providing the lateral motion.) 
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Figure 6.—Cross section of beam to obtain lateral 
alignment of ionization chamber 





Preliminary visual alignment of the ionization chamber is matt 
by sighting through the “diaphrs 1gm system at the focal spot. Th 
is facilitated by a cross line marked on the celluloid window at ‘} 
back of the chamber. With the small focus X-ray tube, such adjus 
ment is fairly accurate as shown in Figure 6, but it has been foun 
unsafe to rely upon this method alone, particularly when used wil 
a broad-focus tube. In all cases ionization readings are mad 
successively as the X-ray tube is shifted laterally in a direction | 
right angles to the beam, and thus a measure of the intensity dis 
tribution across the beam is obtained. The final position of t 
chamber is that corresponding to the center of the intensity di 
tribution peak. Likewise the chamber is tested for its ang! ula 
alignment by measuring the ionization as it is rotated thi ‘ough 
small angle about its center. Visual centering is more reliable i 
this case. Figure 7, showing the ionization intensity as the chambet 


1 


is rotated, indicates the small range of adjustment possible; eve 


a —o — 


*L.8. Taylor. See footnotes 14 and 15, p. 508. 
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Figure §.—2,200-volt D. C. kenotron rectifier unit (cut away to show con- 


struction) 
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b}, a fairly broad beam a rotation of over 1° in either direction will 
se an error in the measurements. 
‘or studying the behavior of this chamber, two X-ray tubes of 
» 200 kv Coolidge deep therapy type were employed. The first 
1a fine, very closely defined focal spot, while the second had a 
pad, poorly defined focal spot with a ‘‘black center,” these selec- 
ns representing the two extremes ordinarily encountered in practice. 
asurements with the standard chamber revealed a strict adherence 
the inverse square law of intensity for the first tube and to the 
erse 2.1 power for the second. 
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RE 7.—Cross section of beam to obtain angular 
alignment of ionization chamber 
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IV. PERFORMANCE 


To be certain that the potential wires provided proper field correc- 
mn, saturation conditions were studied as for the primary standard 
unber; four different measuring methods were used for which the 
turation curves are shown in Figure 8. Curve A is for a system in 
hich the collector plate is allowed to discharge to a potential below 
ut of the guard electrodes; Curve 8B for a collector charging above 
e guard potential; Curve D for an idiostatic measurement, and 
lor a null compensation measurement. It is seen from these 
ives that the behavior is almost identical with that of the primary 
andard chamber using wide guard electrodes. * 

The extent to which radiation was scattered from the diaphragms 
i potential wires was next investigated. A photographic film 
awed against the wires at the back of the chamber showed no 
alow whatever of the wires after a long exposure with the aligned 
um passing through the chamber. This indicates that scattering 
i the wires is negligible. 

lhe second diaphragm used to reduce the effect of scattering from 
: limiting diaphragm is necessary as shown by the inverse square 
Wcurves. (Fig. 9.) Curve A shows for the standard chamber, 
‘ logarithm of the intensity as a function of the logarithm of the 
‘tunce measured between the focal spot of the broad focus tube 





S. Taylor, see footnote 14, p. 508. 
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and the front of the chamber diaphragm, which was set at the, 
diameter (0.8 cm) as that of the secondary chamber under invest 
tion. From the slope of this plot it is found that the intensity oly 
the inverse 2.1 law. Repeating the same observations with | 
secondary standard, curve B was obtained, showing a close par 
to the standard chamber within the experimental error. They 
tering diaphragm, S (fig. 1), was then removed from the back oj; 
lead tube and, again repeating the run, curve C was obtained, sy 
ing a marked dive ergence from the results obtained with the stand 
chamber. The need of the back diaphragm, S, is thus clearly evide 

The observations were next repeated, using the fine focus ins 
of the broad focus tube. Curve D for the primary standard chap! 
shows a strict adherence to the inverse square law, and likey 
curve / for the secondary standard—the two curves agreeing wii 
experimental error. 








A. Deflection Method-Collectpr Negetive 
B. Deflection Methad- Collector Positive 
C. Null System 
D. Idiostatic 
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600 800 1000 1200 1400 
Volts 
Fiaure 8.—Saturation curves for new ionization chamber as 
obtained by four methods 


These are almost identical with saturation curves for the large standard chamber. 


The final measure of accuracy obtainable with the chamber is 
a direct comparison with the primary standard chamber. Tor 
out any differences in the two electrometer systems for prelimin 
measurements, the same electrometer and compensating system \ 
used for both chambers without necessitating any changes what! 
in either the system or its connections. Both chambers were charg 
by the same source of high potential; in making observations, it } 
only necessary to shift the tube from one chamber to the othe 
a matter of about half a minute. 

The effect of altering the size of the limiting diaphragm next 
the X-ray tube w as investigated, maintaining both chambers at | 
fixed distance of 75 cm from the target. These data show that t 
two chambers lnstente in the same manner, due to the une 
distribution of energy over the focal spot and off-focus radiation. ° 


7 L. S. Taylor, B. S. Jour. Research, 3, p. 807; 1929. 
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able 1 summarizes the data obtained. Column 2 gives the r/min. 
asured with the primary standard chamber and column 3 the per- 
tage mean deviation of the observations made for each point. 
ewise ¢ columns 4 and 5 give, respectively, the r/min. and the mean 
iation of observations made with the secondary chamber. Column 
hows the percentage agreement in the r/min. as measured with the 

chambers, indicating that, in general, the agreement is within 
observational error, All of the measurements thus far have been 
de with the same null electrostatic measuring system. 
The final check was made using two entirely separate electrostatic 
rent measuring systems. <A few of the measurements taken under 
‘dom conditions are shown in Table 2 , which needs no explanation. 
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FicurE 9.—Inverse square law curves for primary and secondary standard 
chambers 


Logarithms shown are only to give slope and do not apply directly to the experimental points 
hown. 


TABLE 1 
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TABLE 2 








Primary standard Secondary standard 





Tube Chamber 
distance | diaphragm 


Tube Chamber 
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distance | diaphragm 7D. 
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ABSORPTION MEASUREMENTS OF THE X RAY 
GENERAL RADIATION 


By Lauriston S. Taylor 


ABSTRACT 


S Studied as a means for indicating the quality of the radiation, copper absorption 
urves for heterogeneous X rays were obtained, using a standard and two thimble 
bnization chambers. With the standard air chamber, logarithmic absorption 
urves were not found to become straight for filters up to 3 mm in thickness— 
ndicating a gradual elimination of the longer wave lengths. With thimble 
hpambers, owing presumably to errors from the chamber ‘‘ wall effect,” the curves 
ere nonlinear only up to 1 mm thickness of filter. 

Half-value layers and effective wave lengths derived from the three sets of 
sults were compared. The ‘‘effective wave length”’ as derived from the slope 
{the absorption curve and the “‘half-value layer” are about equally sensitive to 
anges in quality at least up to 3 mm thickness of filter. As should be expected, 
fective wave lengths thus obtained are always longer than those obtained by 
uane’s finite filter method and, being less dependent upon the particular instru- 
ent used in the measurements, are, therefore, more consistent. 

On the basis of the effective wave-length determinations it is found that, con- 
rary to the accepted views, the greater part of the highly filtered energy is not 
pucentrated in the tungsten K lines. 
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I. INTRODUCTION 


In connection with the proper control of X radiation in its various 
plications, reliable and relatively convenient means of measuring 
he radiant energy is the first necessity. This part of the problem 
eems to be satisfactorily solved by observing proper care in the design 
ind use of the ionization chamber. The bureau has, therefore, an- 
lounced its completion of a standard ionization chamber.' ‘The next 





'To be published in April issue of Radiology and March issue of American Journal of Roentgenology. 
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project on this program is the study of possible methods of ¢y 
mining ‘‘quality” of radiation. The accuracy with which it is yg 
essary to describe the quality depends, of course, upon the partie 
use to which the radiation is put. In radiological practice an accyy, 
of 3 to 4 per cent may be sufficient, whereas in precise physical 
periments the accuracy should be better as indicated, for example | 
the recent papers by Compton,” and Crowther and Bond.’ 

In the radiological field recent work by Pohle and Barnes,! Quim) 
and Burby and Barry ° has shown large discrepancies in the quali; 
of the different X-ray beams as measured by different metho 
Moreover, Quimby showed that three beams having the same “qy 
ity” according to some method A, had radically different “qualitis 
according to another method B. It thus appeared desirable to mg 
a fairly comprehensive study of available methods and the dey 
used in applying them. 

Inasmuch as a beam of X rays may cover a range of wave lengi 
which are unequally effective in producing the results sought, 
in importance to measuring the total energy is that of determiny 
the distribution of the energy among the wave lengths present 
direct measurement of spectral energy distribution is the most relia} 
and satisfactory way of describing the quality of the radiation, }j 
this is so difficult and cumbersome that the method eliminates it 
from the field of practical applications. Fairly sound substity 
methods of greater utility have been based on the degree of absor 
tion of the total energy by filters of standard materials (copper, silve 
aluminum, etc.), knowledge of the incident radiation being infer 
from the absorption measurements of various filter thicknesses. 

Even if the ionization spectrometer method of mapping the spectr 
radiation were not so difficult and cumbersome under present con 
tions, it would still be far from an ideal method owing to the ma 
conditions involved, some of which are not well understood. Ti 
more common forms of the X-ray spectrograph as substitute for tl 
ionization spectrometer are inadequate, for, due to such factors 
X-ray scattering, photographic halation and spectral sensitivity 
the emulsion, a simple density curve of the photographic plate mi 
be very misleading. In using such data to determine minimum wat 
length,’ it is necessary to extrapolate the curves to zero energy | 
starting at some point well up on the established curve, which, 
course, makes for very uncertain conclusions. 

With these facts in mind the best method, for practical purpos 
for arriving at the quality of any given X-ray beam seems to be thi 
involving direct absorption measurements. 

In deep therapy wave-length ranges, Duane has shown that 3 
sorption measurements in copper are well suited for describing t 
quality. In the superficial therapy range, either copper or alu 
num absorption measurements ® may be used; and, in the “Gren 





2A. H. Compton, Phil. Mag., 8, p. 961; 1929. 

8J. C. Crowther and W. N. Bond, Phil. Mag., 6, p. 401; 1928. 
4E. A. Pohle and J. M. Barnes, Radiology, 18, p. 300; 1928. 
SE. H. Quimby, Am. J. Roent., 21, p. 275; 1929. 

6J.J. Burby and M. W. Barry, Radiology, 12, p. 275; 1929. 
7A. Mutscheller, Radiology, 12, p. 283; 1929. 

§Wm. Duane, Am. J. Roent., 9, p. 167; 1922. 

* Wm, Duane, Am, J, Roent., 20, p, 241; 1928, 
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rapie” range, most observers have used very thin aluminum 
rbers..” 11, 12 ‘ : 
, their technical production, various types of high voltage gen- 
ors are used, many having a characteristic wave form and, hence, 
ishing X rays of periodically varying quality. If the peak volt- 
of such a generator remains constant, however, the radiant 
rey at all wave lengths integrated over any practical interval of 
e. will be proportional to that interval; and the resulting spectral 
roy distribution may be treated as constant. This is not merely 
obvious assumption, but is supported by experience in that it 
; been found that essentially the same quality of radiation may be 
ained from mechanical rectifiers as from constant potential sources 
ie rectifier be operated at a slightly higher peak voltage than the 
stant voltage source. 
he present study has been confined throughout to a practically 
stant potential source,” inasmuch as this makes for more ready 
inition of the spectral energy distribution. 


II. THEORY OF ABSORPTION MEASUREMENTS 
1. ABSORPTION OF HETEROGENEOUS RADIATION 


Representing by EA, the energy between the wave lengths \ and 
ds of the beam, the total energy (£) of a continuous X-ray 
trum, void of characteristic lines, may be expressed as an inte- 
al between the short wave length limit \=\,, and A=; that is, 


e)- |B, dy (1) 


the form of #, is known the total energy (Z) may be calculated. 
he magnitude of #) as it varies with \ has been derived theoretically 
; Behnken ' who found fair agreement between his theoretical and 
rey's © experimental curves for constant potential X rays. <A 
ore recent combined experimental and theoretical study by Kulen- 
mpff'® has revealed even better agreement between theory and 
periment. In the present work we are concerned, however, with 
ie problem of deducing some knowledge of the spectral distribution 
; from measurements of the total energy (/) after passage through 
operly chosen filters. 

lf a filter of thickness z intercept a beam of radiation, the incident 
egy E, comprised between the wave lengths \ and \+d\ will be 
huced by the filter to a quantity of energy E’,, emerging from the 
er, of a magnitude given by the well-known equation 


EE’, = Ey e~= (2) 


here u, is the “‘absorption coefficient” of the material of the filter 
t the radiation of wave length A. Here, of course, scattering is 
eglected. 





0, Glasser and U, V. Portmann, Am. J. Roent., 19, p. 442; 1928. 
“H. Kustner, Strahlen., 27, p. 124; 1927. 

L E. Jacobson, Am. J. Roent., 22, p. 544; 1929. 

“4.8. Taylor, B. 8S. Jour. Research, 2 (R P56), p. 771; 1929. 

*"H. Behnken, Zeit. f. Phys., 4, p. 241; 1921. 

CT. Ulrey, Phys, Rev., 9 p. 548; 1917. 

"H, Kulenkampff, Ann, der Phys., 69, 548; 1922. 
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The value of », for copper or other material may be obtained fro 
tables or computed from Richtmyer’s " formula for the “mass g} 


, ; Tee . 
sorption coefficient ”’ p>? in which 


y/p= AN + K 


A and K being constants for the given material and p the density 4 
the material. 

For copper between \= 0.12 and 0.30 angstroms, Richtmyer found 

un/p = 1533 + 0.2 (3 
\ being expressed in angstroms and yp in cm ~. 

From an inspection of equation (3) it is obvious that any filter jy 
serted in a heterogeneous beam will absorb the longer wave lengi 
more than the shorter and, hence, ‘‘harden”’ the radiation. | 
means is used in practice. Furthermore the degree of hardness ( 
the radiation transmitted by any given filter may be indicated | 
the extent to which a second additional filter inserted in the bea 
absorbs the radiation transmitted by the first. It is this applicatigl 
with which we are here concerned. 


2. APPLICATION OF ABSORPTION MEASUREMENTS IN DESCRIBIN 
X-RAY QUALITY 


(a) EFFECTIVE WAVE LENGTH 


One method, which makes use of absorption measurements { 
obtaining an indication of the quality of an unknown heterogeneo 
radiation of energy (£), is that which determines the wave lengt 
of the homogeneous radiation which would be reduced in intensif 
by a given filter in the same degree as the heterogeneous radiati 
is reduced by it. The heterogeneous radiation is then designated 
having an effective wave length equal to that of its correspondit 
homogeneous radiation. 

For example, relation (2) relates the transmitted to the incide 
radiation of wave length \ through the thickness of the filter z a 
the absorption coefficient »,.' Taking now the incident and tran 
mitted heterogeneous energies (#) and (£’) we may use a compost 
absorption coefficient * yw, such that 


(E’) = (E)e~™ ( 


Having the values of yy, either from tables or equation (3a), eith 
(EZ) or (#’) may be said to have that effective wave length 
which 

w= ED (4 


or, if x be taken sufficiently small, both may be assigned the eff 
tive wave length in question. 

Duane uses a filter of given material and of finite thickness 
obtaining the effective wave length of the radiation incident thereon 





17F. K. Richtmyer, Phys. Rev., 18, p. 13; 1921. 

i8F, K. Richtmyer and F. W. Warburton, Phys. Rev., 6, p. 539; 1923. 
“LL. 8. Taylor, Radiology, 12, p. 289; 1929. 

2 A. H. Compton, X Rays and Electrons. 

a1 W. M, Duane, Proc, Nat, Acad., 13, p. 668; 1927, 
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Foylor) 


The results of a comparative experimental study of this, and that of 
, infinitesimal thickness of filter with different available devices 
or measuring the energy of the beam, was the partial object of the 
resent investigation. * 

lllustrations of the two methods of determining effective wave 
moths are to be found in Figures 1 and 4 where, with increasing 
ickness of filter, the logarithm of the transmitted energy is plotted 
inst thickness of a given filter material. Let in equation (4), 
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Fiacure 1.—Copper absorption curves made with standard air 
ionization chamber for practically constant voltage X rays 


E’) be the energy at any thickness x’, and (’’) that at a thickness 
t'=¢'+a2; then Duane’s method applied gives 


(E’) = (E)e#!” 
(E’’) os (E)e7#! "2!" 


ig Y Sige P ° 
log oe —log a yo —p' 2 


From this 


Noting that py’ in equation (5) depends on the entire thickness 2’, 
ind »’’ in equation (6) depends on the same thickness of filter plus 
ihe increase 2=2’’—z’, it appears at least approximately correct 
thin limited ranges to use an intermediate value of » such that 


Logie 5 2. ay 
“et ® (8) 
L 





fu = 
4754°—30——2 
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Here y» is dependent upon z as well as upon (£’) and (F’). 
however, xz be taken smal! enough, equal to Az, so that the filter do 
not appreciably change the quality of the radiation passing throw 
it, and yet produces a measurable change in the energy of the bean 
then 


a 
is represented by the slope of the curve log ot plotted against th 
thickness of filter z. paid 

The effective wave length as defined by Duane ” is ‘the way 
length of monochromatic radiation that would produce the sang 
effect (readings of the instruments employed, etc.) that the acty 
radiation produces.” His method of measurement consists in deter 
mining the percentage transmission of the given filter for the give 
radiation, then determining \, from previously constructed calibratioy 
curves, as obtained from the absorption law indicated in equation 
(2) and (3). 

The so-called “true effective wave length” is independent of any 

given filter thickness; and, in that one other factor is thus eliminate 
from its determination, it is physically a more desirable w ay to ex 
press the quantity sought. For its diennidalien, a logarithmig 
absorption curve is established with a series of filters of increasin, 
thickness and the slope at the point in question gives directly th 
composite absorption coefficient u. F = monochromatic wave-le net 
absorption curves or Richtmyer’s formula (equation (3a)) may thu 
be determined, as the true effective wave length X,, the single wave 
length which has the same absorption coefficient. 

A “bracket”? method for obtaining \, may also be used wherein 
wa intensity measurements are made for filter thicknesses equally 
above and below the filter for which the radiation quality is desired. 
The absorption coefficient and corresponding \, is then obtained from 
the difference of the logarithms of these two intensity measurements, 
it being assumed that this absorption coefficient is the same as that 
corresponding to the intermediate filter. Such a method, while 
nearer the tangent method (true \,) than Duane’s, does not make 
full allowance for the. curvature of the logarithmic absorption curve 
between the points taken. 

The bracket method is exactly the same as Duane’s method as 
far as the operational procedure is concerned, except that the radis- 
tion for which \, is determined corresponds more nearly to that of 
the intermediate filtration instead of the smaller filtration. By 
Duane’s method the ratio of the two intensities (£’)/(£’’) for filtra- 
tions x’ and z’’ is said to give }, for the filtration z’ whereas the bracket 
method gives }, for a f filtration close to (X’ 4 X’’)/2. As shown later, 
the difference between the two varies acc ording to the range in which 
the measurements are applied, and may be neglected for mary practi- 
cal purposes. 

In Duane’s earlier work he specified the use of 1 mm of copper 
for obtaining the effective wave length. The use of such a large filter- 
difference will give reason: ably consistent agreement with the true \, 





# Wm. Duane, Am, J, Roent., 20, p, 241; 1928, 
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ly for very high filtrations as shown in Table 2 and when used 
ceording to the bracket method (equation (8)). For lower filtrations 
he differences between the two methods increases. In later work he 
ecified the use of 0.25 mm filter separation, thus increasing con- 
derably the range over which A, might be determined with fair 
sreement With the other method (true 4,). 

“Duane also indicated at the time that small errors in the measure- 
vent of filter thickness may cause an appreciable error in the determi- 
ation of 4, by his method. The effect on A, of errors in thickness 
ill. of course, be greater for the method using 0.25 mm filter sepa- 
ation than for the 1 mm method. In the case of obtaining A, from 
complete absorption curve such errors are averaged out, 


(b) HALF-VALUE LAYER 


One of the earliest methods of describing the quality of a hetero- 

neous X-ray beam was to measure the absorption by a series of 
iIters of some material and then determine from the absorption 

uve the thickness of that material which would reduce the intensity 

{the given beam to one-half its initial value. If, for example, a beam 

ss an intensity of Ey, after passing through a filter of thickness 2, 
nd Ey, is the half-intensity (/;,/2) after passing through a filter 

+m, then 2, is the half-value layer of the particular material for 
hat radiation which has passed through 2;. While then the quality 
is expressed by the effective wave length as determined by a given 
thickness of filter of given material, the half-value method expresses 
the quality in terms of the thickness of filter (of given material) 
required to reduce the intensity by a given amount (one-half). 

Obviously, the shorter the effective wave length of the given radia- 
tion, the thicker this half-value layer of filtering material must be. 
Insmuch, therefore, as the composite absorption coefficient yw of 
equation (4) varies with the thickness z of the added filter, there is 
n0 simple direct quantitative relation connecting effective wave 
lngth with half-value layer. 

Comparing the half-value layer and effective wave-length method, 
the latter has the advantage in that it presents a clearer physical 
picture of the radiation quality. 

In Roentgenological practice, the voltage wave forms are usually 
oftwo general types, being either approximately constant or approxi- 
mating a sine wave; and the target material is always tungsten. 
Here the ‘‘half-value”’ method has served as a useful approximation 
fr expressing the radiation quality. However, as a particular 
ample, it is unsafe to rely on this method for comparing qualities 
of two radiations, one excited by constant and the other by a fluc- 
tuating voltage. Quimby * made a detailed study of the qualities of 
various radiations, all having the same half-value layer of copper, 
ind found large differences between them. 

The inset (A) in Figure 5 shows a plot ef the half-value layer 
taken from the absorption curve in Figure 5, for filtrations as high 
1.6 mm of copper. Investigations cited * have indicated that 
_ a lg would be different for each voltage wave form applied 
0 the tube. 





*E. Quimby, Am. J. Roent., 21, p. 64; 1929, 
* See footnotes 4, 5, 6, and 29, 
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{Vo 
(c) AVERAGE WAVE LENGTH 


This method was proposed by Mutscheller * several years ap 
It follows the true effective wave-length method in that from th 
tangent to a heterogeneous radiation absorption curve a coefficjenj 
of absorption is determined from Richtmyer’s tables with which th, 
corresponding monochromatic wave length is identified. He definite 
divides his measurements into two classes, those for the portiy 
of the absorption curve from zero to the ‘“‘homogeneity filter” ™ gyj 
those beyond this point. 

According to the results presented in this paper there can be y 
‘‘homogeneity filter,” strictly speaking. Practically a filtration my 
be reached beyond which the radiation quality changes comparatively 
little—the absorption curve approaching linearity. 

In most of his published absorption curves he shows such linearity 
above about 0.5 mm copper filtration, indicating the attainment 9 
effectively homogeneous radiation. There is no evidence that such 
a condition should be rigidly true and it is not reached within the rang 
of filtration (0 to 3 mm Cu) used in this paper. It appears, therm 
fore, that the average wave lengths so obtained in the region beyon 
the ‘“‘homogeneity filter’’ are subject to errors larger than here: 
contained; that is, Mutscheller’s method is that of the true effectiy 
wave length above but applied in the range where the errors are sui 
as to render the results questionable. Applied in the region belo 
the ‘‘homogeneity filter’’—that is, for small filtrations—his metho 
is identical with the so-called true effective wave-length method. 


III. EXPERIMENTAL RESULTS 
1. COMPARISON OF DIFFERENT IONIZATION CHAMBERS 


In the development thus far we have dealt with ideal condition 
wherein it has been considered possible to make direct energy meas 
urements. However in applying absorption measurements as at 
indication of the quality of a given X-ray beam, the ionization current 
produced by the beam is the quantity measured. The current pe 
unit energy does not change rapidly with wave length, and for sim 
plicity we will speak of this as energy, understanding, of course 
that the measured ionization is proportional to the energy absorbe 
from the beam by the air in the ionization chamber. 

The results of absorption measurements made by a number 0 
observers are not in close agreement; consequently the technique 0 
making such measurements has been studied in the greater deta 
given here. 

In some recent work at this laboratory a study was made of the 
calibration of the thimble ionization chambers against a standar 
air ionization chamber ” in which it was brought out that there was 
marked difference in the copper absorption curves for the samé 
radiation when measured with several different thimble ionization 
chambers and the standard chamber. 

In Figure 1 is shown a series of semilogarithmic copper absorptiol 
curves obtained by measuring the incident and transmitted intensitie 





% A, Mutscheller, Radiology, May, 1924; October, 1924; April, 1929. 
2% E. A. Pohle, Radiology, 10, p. 300; 1928. 
27 L, S, Taylor and G., Singer, B. 8. Jour. Research, 4, (RP169) p. 681, May; 1930. 
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sh the standard air ionization chamber. The tungsten X-ray tube 
3 operated at practically constant potential as recently described. 
he diaphragming system * to limit the beam was in accordance with 
enecessary conditions to make an accurate determination of the ef- 
tive intensity of the beam in Roentgens.” When a thimble ioniza- 
n chamber was used, it also was in accordance with previously 
<cribed technique.” *! The configuration of the system in Figure 
shows the arrangement diagrammatically, and is self-explanatory. 

For the curves shown in Figure 1 the diaphragms M and WN each 
a radius of 12 mm and the interdiaphragm distance B was 65 
_ The filters were 15 cm from M, thus making the distance C 
tween filter and chamber diaphragm 50 cm. In taking this data 
ie precision of observation for a single filter was about +0.2 per 
nt, The copper filters had a tested purity of 0.99998 and their 
icknesses were uniform to within +0.002 mm. _ It is clearly evident 
at for the curves shown there is no straight portion up to a copper 
tration of 3mm, although it is apparent that they are asymptotically 
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Figure 2.—Diagram of X-ray tube-filter-ionization chamber system 





ray M 
Tube he 


| 
| 
| A 











pproaching a straight line. <A large number of other such curves 
ere obtained under varying conditions of the distance B and the 
laphragms M and N, and all were exactly similar to those shown. 

In order to be certain that no peculiarity of this system could be 
sponsible for the form of these curves, I have obtained through the 
wurtesy of Dr. Failla and of Dr. Quimby, of Memorial Hospital, New 
York, N. Y., the set of absorption curves for tube potentials up to 
2) kv, shown in Figure 3. These were made some months previously 
wth a thimble air wall ionization chamber differing slightly in con- 
struction from that used at the bureau. Here also it is clearly evident 
iat the absorption curves do not become straight. 

Attention may also be called to a paper by Rump,” in which is 
given a similar series of absorption curves for potentials up to 150 kv 
ig. 5 in his article). Again, it is found that the curves are non- 
rectilinear. In view of the excellent agreement of these different 
workers there seems no question of the validity of the results. 





*L. 8, Taylor, B. 8. Jour. Research (RP56), 2, p. 771; 1929. 
"L. 8. Taylor, B. S. Jour, Research (RP119), p. 807; 1929. 
* See footnote 28, p. 524. 

"L. S. Taylor, Radiology, 15, 227. 

*W. Rump, Zeit. f. Phys., 48, p. 254; 1927; 44, p. 396; 1927. 
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The same type of copper-absorption measurement was next maj 
with several thimble ionization chambers placed at various distay, 
from the filter, but all for the same beam of radiation. It mus 
pointed out that the precision of observation with such chamber 
not as great as with a standard air chamber, and consequently we ¢, 
not place the same reliance on the measurements made with them 

In order to be certain that the position of the ionization chan), 
with respect to the filter did not influence the measurements, a serig 
of intensity readings were made keeping the chamber fixed and ch 
ing the filter position. For the standard ionization chamber ; 
measurable effect was produced by moving the filter from 0.5 to: 
cm from the entrant diaphragm. However, shifting the filter oy 
the same range for a thimble chamber, the measured intensity fel] ; 
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FIGURE 3.—Copper absorption curves made for mechanically 
rectified voltage 
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steadily up to a distance of about 10 cm where it reached a stead 
value. Consequently, all measurements with a thimble chamber 
were made at least 15 cm from the filter. 

In Figure 4 are shown three semilogarithmic absorption curves 
S, obtained with a standard; G, with a Glasser thimble chamber, an 
F with a Friedrich thimble chamber. The X-ray tube was operated 
at 133 kv, d.c., for all. The standard chamber was set 45 cm from 
the filter and the Glasser chamber and Friedrich chamber at abou 
15 cm. 

The original data for these curves are given in Table 1. 1! 
intensities — and J,, as measured with the Friedrich and Glasse 
chambers, respectively, have each been corrected for a very sma 
natural leakage. There was no measurable leakage in the standar 
chamber system. Half-value layers obtained from this data were if 
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od agreement with Holthusen’s curves for the voltage used,* both 
easurements being made with a standard chamber. 
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FiaurE 4.—Copper absorption curves made for 133 kv radiation, using 
three different chambers 
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It is seen that the curve obtained with the standard chamber dy 
not become straight for filtration up to at least 3 mm of copy 
For curve F obtained with the Friedrich chamber, however, ;; 
equally possible to pass a straight line or a slightly curved | 
through the points above 1 mm filtration. Likewise for curye 
obtained with the Glasser chamber, the points above 1.5 mm 
be joined by a straight or curved line, although the former is perh 
the better of the two. Straight lines are shown in both cases to jl; 
trate a possible explanation for the absorption curves shown inyar 
bly by Mutscheller, his curves usually having been obtained yj 
thimble chambers. 

If now we measure the slopes of the curves, we find that F and 
have straight portions with slopes —6.80 and —6.28, respectively 
The points marked f and g on the standard-absorption curve hg) 
also these slopes of —6.80 and —6.28, respectively. Thus for 
given beam of X rays we apparently find an absorption coeflicie 


which varies considerably according to the technique used in measij 


ing it. To attain uniformity the most logical consequence seens ; 
discard the thimble chamber as a means for making precise measw 
ments; for, inasmuch as the open-air chamber is free from wall eff 
and is the accepted standard, it is apparently the best availa} 
means for making absorption measurements of the general radiatio 


Where, in practice, a thimble chamber is used in making precig 


quality measurements, care should be taken to correct for the wi 
effect. 


TABLE 2 
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2. COMPARISON OF QUALITY MEASUREMENTS 


aving reviewed the methods of making quality measurements, 
shall now compare the results obtained by applying each method 
ihe same heterogeneous beam of X rays generated by a practically 
stant potential source of voltage. 
in order to better coordinate this comparison we shall refer all 
surements of quality to those of the so-called true effective wave 
oth without meaning to imply thereby that this method is prefer- 
ie or necessarily the most correct. It is, however, less arbitrary 
an other methods. 
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Figure 5.—Curves showing half-value-layer and true effective wave length 
obtained from the same absorption curve 


Through the courtesy of Prof. H. Holthusen, of Hamburg, a family 
if re iM ps . . . . 29 

urves was available, showing the relation between the half-value 
yer In copper and the tube voltage (constant) for a series of filtered 
huations. Half-value layers were obtained from each of his curves 
|points corresponding to 130 kv and plotted as circles in the H. V. L. 
ve. (Inset A in fig. 5.) The excellent agreement of our experi- 
‘tal results with Holthusen’s shows the reliability of the H. V. L. 
‘hod for constant potential, and gives further proof of thecorrect- 
ésof our above experimental procedure. 
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We may now make a simple comparison of the effective y» 
length obtained by the slope and bracket methods. For exami 
if we were to take as the absorption coefficient the slope of the kr 
joining the two points a and 6} on the absorption curve (fig, 1), a 
responding to filters of 0.5 and 1.5 mm of copper, this will give 4, 
slope corresponding to a filtration of 0.9 mm at the point c inste 
of at 1 mm. If the points 1 and 2 mm were chosen instead. 4 
effective wave length would be much more nearly the correct yaly 
at 1.5 mm. For small filtrations the error in the bracket type ( 
measurement is considerable. Above a certain filtration the methy 
may be sufficiently accurate for many purposes. It has the advanty 
of requiring but two measurements , 

From equation (8) the absorption coefficient » is given by 

E” 

p= - loge Go 
where (/’) and (i”’) are the intensities after passing through th 
two copper filters differmg in thickness by x em. If, for examp| 
we wish to find » for 133 kv radiation filtered through 1 mm of copy: 
we have from Table 1, column 3, log, (/’) = 2. 44 for filter 0. 5, arf 
log. (Z’’)=1.43 and for filter, 1.5 mm. This gives y=10.1 a 
4, =0.174 A. Comparing this with the true effective wave lengi 
for 1 mm copper filtration (Table 4, column 3) we find a value: 
0. 169 A for the true effective wave length, a fairly good agreemen 

A series of values of , for 130 kv radiation obtained by the bracke 
method (where x=1 mm) are given in Table 2. 

A summary of the absorption measurements is shown in Table 
wherein all the calculations are taken from the absorption cur 
at 130 kv. (Fig. 1.) Column 2 gives the slope of the curve at point 
corresponding to the different thicknesses of the copper filter indicate 
incolumn 1. Since the curves were plotted with Naperian logarithm 
column 2 thus gives directly the coefficient of absorption yu for ear 
quality of radiation. Column 3 gives the corresponding true efles 
tive wave lengths when the values of » are put in Richtmyer’s coppe 
absorption coefficient curves for monochromatic radiation. From th 
it is seen that the effective wave length varies appreciably for filtrs 
tions up to 2.8 mm at least. A plot of the effective wave lengths! 
shown in inset B of Figure 5. 

Column 4 gives the value of the absorption coefficient obtained }} 
the ‘‘bracket”’ method (Sec. IJ, 2 (a)) wherein the coefficient ! 
given by the slope of the line joining two points on the logarithm 
absorption curve, corresponding to a filter separation of 1 mu 
The intermediate filtration of the two is that shown in column | 
Column 5 gives the effective wave lengths corresponding to t 
absorption coefficients of column 4, from which it is seen by com 
parison with column 3 that, as should be expected, the values 4 
proach the same limit for higher filtrations. Column 6 gives th 
approximate filter thickness on the true absorption curve for t 
effective wave lengths of column 5, thus indicating the divergen? 
in terms of filter thickness. For example, consider a beam havi 
an initial filtration of 0.6 mm copper. Its true effective wav 
length is 0.202 A, whereas that derived by the “bracket” method 
0.214 A and would correspond to a filtration of about 0.45 mm 
the logarithmic absorption curve. Such a discrepancy shows 4 
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ice that the bracket method, using a filter separation of 1 mm is 
t satisfactory for obtaining effective wave lengths in close agree- 
ent with the true effective wave length except for higher filtrations. 
Column 7 gives the effective wave lengths obtained by Duane’s 
ethod, using a 1 mm filter separation, from which it is seen that 
fo difference between i,, as obtained by the slope of the curve and 
- obtained by Duane’s method, is large over the whole range of 
trations used. Applying the same measurements, however, we 
‘tain a fairly good measure of \, for the radiation corresponding 
neth@™l the average filtration. Thus for 0.7 mm initial filtration, the 
ue effective wave length is 0.192 A; by the 1 mm bracket method, 
198 A, whereas by Duane’s (1 mm) method, 0.168 A. When com- 
aring Duane’s effective wave length using 0.25 mm copper with the 
ue effective wave length, the differences are not large except for 
filtered or lightly filtered radiation. 
From the practical standpoint we must not ignore the advantages 
{ Duane’s method. It requires but two intensity measurements 
ith given filters and reference to a predetermined calibration curve; 
is sufficiently accurate for many of the present-day medical needs. 
The half-value layers in copper for the same radiation are given 
column 8 and it 1s seen that, throughout the entire length of the 
bsorption curve, these are decreasing continuously at least up to 
ninitial filtration of 1.6mm. The data of column 8 are plotted in 
ert A of Figure 5. As pointed out in (II, 2 (c)) there can be no 
xed relation between the half-value layer and effective wave length 
xeept for strictly constant-potential X rays. Curves showing the 
Jation between the two have been given by Neeff and Reisner * 
nd others, under different conditions, but none lead to any coordi- 
hated relationship. 
TABLE 3 
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Table 3 shows the results of determining the effective wave length 
{ the unfiltered radiation by Duane’s method, using both a standard 
S) and a thimble (Ff) ionization chamber for the intensity measure- 
ments. Column 1 indicates the type of chamber used; column 2 is 
he filter thickness used in the determination of \,; column 3 gives 
he percentage transmission of the respective filters for which are 
given the corresponding values of d, in column 4, obtained from 
Duane’s curves for effective wave lengths. 





“T. C, Neeff and A. Reisner, Strahlen., 32, p. 190; 1929, 
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It is interesting to note for lightly filtered radiation, how depende 
is the measurement of dX, on the type of ionization chamber se 
For example, in the first case \, differs by 8.1 per cent for the ty, 
chambers, while the respec tive percentage transmissions diffe; }y 
22.4 per cent (column 5). In order to check Duane’s curves, }, < 
calculated using equations (2) and (3a), and the very good agreemey, 
is indicated in column 8. 

If the quality of a beam of unfiltered radiation is desired, we gp 
confronted by the question of which one of the eight values in T,} 
3 is to be used. Obviously no one of the methods will give a coreg 
value of \,, nor can we readily obtain the slope of the absorptig 
curve with any degree of accuracy at zero filter. We must thus choos 
an arbitrar y tec hinque for making this measurement or else USE Son 


ere. again, it will be found that only a praibe er ionization chaul be 
will give accurate and reproducible results, 


TABLE 4 





- 
| | 
Pe Per- | p Per- 
r- . Per- 

| centage ite lcentage err 1 
lp True | differ- | Bracket differ- Ae | : 

Filter ence, ence t 
| Ae | ence, | bracket | © Duane Du: | eng 

| stand- racket | stand- | Duane | stand 
1 and same} * d | 


pn and same| 
chamber | 7 chamber} “ 


Chamber 











. 193 | 
- 176 | 
. 164 











ngs as follows: Columus 1, 2, and 3; columns 4, 5, and 6; columns 7, 8, and ‘ 


Table 4 gives a further comparison of the three methods of deter- 
mining the effective wave length of 133 kv filtered radiation, using 
for each filter the standard Friedrich and Glasser ionization chai 
bers. Column 1 gives the filtration of the beam; column 2, th 

‘true effective wave length” obtained from the slope of the absorp; 
tion curve; column 4, the effective wave le ngth by the bracket method 
with a filter separation of 0.25 mm; and column 7, Duane’s effective 
wave length, using a 0.25 mm copper filter. ' 

Column 3 gives the percentage difference between the true effect ve 
wave lengths obtained with two thimble chambers and the values 
obtained with the standard chamber. It is evident that the dis 
agreement is somewhat random, although the values obtained with 
the Glasser chamber appear to agree better with those of the standarl. 
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Column 5 gives the percentage difference between the effective 
»ve lengths obtained when using the slope and bracket methods 
th each of the three chambers. Here we see that when using the 
sndard chamber the two methods agree very closely, whereas for 
e thimble chambers the agreement is considerably poorer. It is 
o seen that for high filtrations the two methods agree well within 
e experimental error. 

Column 8 gives the percentage difference between Duane’s and the 
ie effective wave length as measured with the standard and thimble 
sambers. As expected from Section II the differences are large for 

filtrations, although they become less for increasing filtration. 

It must be emphasized again that, for much of the medical work 
ne, the differences in effective wave lengths due to the use of thimble 
hambers is of no great importance. The fundamental difference 
tween the three methods described is, however, of sufficient magni- 
de to be taken into consideration for all types of work. 

Table 5 summarizes a series of absorption measurements made by 
ailla for the same radiation, but using six different types of ionization 
amber. Columns 2 to 7 give the true effective wave lengths for the 
itial filtrations given in column 1. 

From the discussion above we see that, while Duane’s effective 
ave lengths are not the closest to the true effective wave length, they 
pe the simplest to determine, requiring but one intensity measurement 
sides that of the original beam. ‘The bracket method is considerably 
oser, but requires two extra intensity measurements. In both of 
ese methods the accuracy of the measurement is very dependent 
on the filter thickness, as stressed by Duane, who recommends the 
se of the mass per square centimeter of the filter instead of its thick- 
ess, the former being much easier to measure accurately. To obtain 
ie ‘true effective wave length,” of course, requires a series of intensity 
eusurements, and consequently is not so applicable in practice as 
he other two methods, 

TABLE 5 





| | ae | Graphite Aluminum | Aluminum 
Drum | Bakelite sphere mesh sphere 


Ne | Ne i, he a 





| 
| @ 


A 
0. 264 
. 212 
. 192 
.179 




















For reference, curves are given showing \, as a function of the per- 
éntage transmission of the filter. (Fig. 6.) These are identical 
vith Duane’s curves and may be used in determining \, by his method. 
n applying these curves to the bracket method it must be clearly 
inderstood that the intensity measurements are made for filter 
ticknesses equally above and below the filter used in practice. 
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IV. RECOMMENDATIONS ON THE PROCEDURE For 
QUALITY EXPRESSION 


In the foregoing discussion it has seen shown that a large nun\ 
of methods of quality expression have been proposed and used, } 
example, in the work of Burby and Barry, and Pohle and Bam 
we find some half-dozen methods of determining the effective wy 
length, although the authors have carefully explained the use of ey 
method. Likewise, Quimby * used several kinds of X, in addition; 
the absorption coeflicient of the radiation to express quality—yj 
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FIGURE 6.—LHffeciive wave length as a function of the percentage trans- 
mission through given filters of finite thickness 








proper explanation in each case. As shown in (III, 3, (b) ), it} 
impossible to readily correlate effective wave lengths when obtaine 
with different filter thicknesses. 

In all the methods for obtaining \,, two steps are involved 
determining an absorption coefficient » of the radiation by some meal 
and from this the wave length of monochromatic radiation having tlt 
same uw. For certain ranges Pohle and Barnes found that Duane 
effective wave-length curves were inadequate, and consequent] 
expressed \, in terms of the percentage transmission of a given filter 
a physically undesirable procedure. The fact remains that at preset 


% See footnotes 4 and 6, p. 518. % See footnote 5, p. 518. 
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» monochromatic wave length copper absorption coefficients have 
»t been determined over the full range needed to determine X, for all 
eradiations used in X-ray therapy. 
It seems reasonable, therefore, to recommend that the absorption 
ficient in copper or aluminum of a heterogeneous beam of X rays 
ysed alone to express the quality, stating the methods used in its 
termination. If desired at any future time, it is then a simple 
atter to express from. available data the effective wave length in the 
»ves where possible. Such a method would, for example, eliminate 
»y confusion in Pohle and Barnes’ tables. 
‘4s shown in II, 1, the most accurate value of the composite absorp- 
n coefficient is obtained when using an infinitesimal filter thickness. 
ie degree of agreement between this and one of the finite filter 
ethods has been shown in Table 2. 
In practice, « may be determined (1) directly from the slope of the 
pper absorption curve, giving the true absorption coefficient; (2) 
- Duane’s method, giving an approximate absorption coefficient; 
d (3) by the bracket method, giving a value in closer agreement with 
he true absorption coefficient. The first requires a series of measure- 
ents. The second and third require but two measurements and yu 
calculated from equation (10). 
For reference, Figure 7 gives curves for the absorption coefficient 
a function of the percentage transmission of several thicknesses of 
ter which may be used in applying methods 2 and 3 above. These 
ply for a filter of any material but care must be taken that the 
haterial and thickness are always specified. 


. SPECTRAL ENERGY DISTRIBUTION AS DERIVED FROM 
COPPER ABSORPTION MEASUREMENTS 


We may now turn to one other application of the foregoing copper 
bsorption measurements, namely, the determination of a qualita- 
ve picture of the energy distribution in a beam of filtered hetero- 
eneous radiation without the use of a spectrometer. 

The effect on an X-ray beam of adding successive layers of a filter- 
g material (copper for example) is to reduce the intensity of all 
cident wave lengths according to the absorption law expressed in 
quations (3) and (3a). As seen from this equation, the greatest 
bsorption occurs in the longer wave lengths so that by increasing the 
ter thickness the energy becomes relatively more and more concen- 
ated in the shorter, more penetrating wave lengths. 

If, to take a particular case as an example, a tungsten target X-ray 
ube be operated below the critical voltage (70 kv) at which the char- 
cteristic AK series of lines appear, the effect of increased filtration is 
uch that the maximum of the spectral energy distribution curve of 
he filtered radiation shifts steadily toward shorter wave lengths. 
t would be expected that for such conditions a logarithmic plot 
ould approach asymptotically a straight line, the slope of which is 
he» for the short wave length limit. Since this would require that 
he remaining energy be practically zero, we would not expect the 
bsorption curve to become straight for filtrations ordinarily used 
) to 3 mm copper). 

However, in the case of operating the same tube well above its 
ntical voltage; for example, at 150 to 200 kv, the K lines will be 
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resent and conditions altered. The effect now of increased filtratig 
is again to reduce the energy at all wave lengths, the resulting ene 
distribution being dependent upon the voltage and filtration: by 
in general, the energy transmitted through thick copper filters y 
consist of several practically monochromatic lines—the several } 
lines and the “end” radiation at the short wave length limit. 
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Figure 7.—Copper absorption coefficients as a function af the percentage 
transmission through given filters of finite thickness 


Note that the curve for 0.25 mm filter is in two parts. 


At present we have no very accurate data concerning the relati" 
intensity of the K, lines in comparison with the continuous spectru! 
background. There will always be present a certain amount of thi 
radiation of shorter and less easily absorbed wave lengths, and it! 
thus impossible to state in advance the expected form of the logs 
rithmic copper absorption curves for such radiation after high filtration 
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if the amount of continuous radiation were negligible, compared 
that of the line radiation, could it be expected that the absorp- 
curve would become straight, thus indicating a constant absorp- 
coeficient uw. At tube potentials of the order of 150 kv it has 
tacitly assumed by some workers that a large part of the spectral 
y comes from the K, lines of tungsten which appear at wave 
hs of about 0.2 Angstroms, thus accounting for a straight end 
e absorption curve.. However, such a distribution of energy, 
in highly filtered radiation, is contrary to experience. 

aving obtained values of d, for copper filtrations up to 3 mm 
e that the effective wave length of 130 kv radiation does not 
cach the wave lengths of the tungsten K, lines which occur at 
¢ 0.208, 0.213, 0.184, and 0.179, A, respectively. The nearest 
oach of A, to these wave lengths occurs for about 0.6 to 0.8 mm of 
yer filter; whereas, for the maximum filtration used, \, was about 
A. This is a reasonable value of X,, since for the voltage used 
ninmum wave length \, of the spectrum is 0.095 A. The fact 
\,= 0.134 A is nearer A, = 0.095 A than the wave length of the 
es gives further indication that the larger part of the energy pass- 
hrough the filter is not that of the K lines, but that of the contin- 
spectrum background instead. 
sa qualitative check of the above reasoning, we may refer to 
approximate spectral energy distribution curves obtained by 
e’ with an ionization spectrometer. The curveshown was made 
61 kv (constant potential) and 1 mm of copper, and it is shown 
eby that the greater part of the remaining energy apparently 
at shorter wave lengths than the first-order tungsten lines, 


VI. SUMMARY 


A qualitative theory of copper absorption measurements shows 
for a known spectral energy distribution, an effective wave 
th may be determined which is definitely related through known 
rption laws to that distribution. 

The logarithmic copper absorption curves for heterogeneous 
h voltage X-radiation do not become straight for filtrations up to 
m copper when the measurements are made with a standard 
zation chamber. 

. Absorption measurements, applied to the problem of describing 
quality of a heterogeneous beam of X rays, show (a) that measure- 
ts of the so-called ‘‘average wave length” of the radiation have 
neaning as long as they are based strictly on the logarithmic 
rption curve becoming straight for filtrations greater than the 
mogeneity filter”; (b) the “‘half-value layer’? method of express- 
quality is sensitive at least up to 1.6 mm copper filtration but is 
ily reproducible only for strictly constant voltage applied to the 
ay tube; (c) the most logical expression of the ‘‘effective wave 

h” is obtained when using the absorption coefficient given by the 
be of the logarithmic absorption curve. This is called the true 
tive wave length. 


——. 





Duane, Am. J. Roent., 9, p. 167; 1922. 
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4. Duane’s method for obtaining the effective wave length 
values consistently lower than the true effective wave length, alt how 
the difference is not great enough at higher filtrations to lous 
significance for most medical work. If this method is used the thj 
ness of copper used in the measurement should be stated. 

5. The bracket method for determining the effective wave |e 
is more accurate than any other approximate method, but requ 
one more observation than the Duane method. 

6. Absorption measurements made with the more common {y 
of thimble ionization chamber are subject to error due to the chan} 
‘‘wall effect.”” Such error is minimized in the true effective wy 
length method. 

7. The absorption coefficient obtained with a standard thicknes 
copper (or aluminum) is recommended as the simplest general methy 
of describing the quality of a heterogeneous beam of X rays for . 
peutic uses. Due to a lack of monochromatic wave-length abs 
tion data over a sufficient range, it is impossible to extend the 
fective wave-length method over the whole range of radiations, 
countered in X-ray therepy. Thus, for a perfectly general physi 
definition of quality, the “true” absorption coefficient obtained fr 
the slope of the absorption curve is recommended. 

8. The effect on heterogeneous tungsten radiation of increas 
the copper filtration is the concentration of the major part of i 
transmitted energy in wave lengths shorter than the K series of ling 

Recognition is due G. Singer, of this laboratory, for having carr 
out the experimental part of this work. 


WasHineton, December 1, 1929, 
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ANGE OF ELECTRICAL PROPERTIES OF RUBBER AND 
CUTTAPPERCHA DURING STORAGE UNDER WATER 


By Harvey L. Curtis and Arnold H. Scott 


ABSTRACT 


4 number of samples of rubber and gutta-percha were stored under water for 
jut seven years and electrical measurements made on them periodically to 
ermine the effect of aging on the resistivity, dielectric constant, and power 
The dielectric constant was measured under three different conditions, 
mely, 60 cycles alternating current, pulsating direct current using 0.6 second 
urge with 0.1 second discharge, and pulsating direct current using the same time 
charge with 1 second discharge. In all cases the dielectric constants increased 
th time unless failure was approached. A sample was considered to have failed 
hen measurement of its capacitance became impracticable. The changes of the 
istivity and power factor varied from sample to sample. 
he approach of failure was first indicated by the resistivity. When a curve 
s plotted with time the sample had been under observation as abscissa and 
sistance of the samples as ordinates, the curves of the sample which failed showed 
reak or marked change in direction several months before actual failure 
ured. With similar curves for power factor and direct-current dielectric con- 
nt, breaks occurred at a later time. The time interval between the break in 
e resistivity curve and the breaks in the other curves was a function of the rate 
decrease of the resistivity. These facts indicate that the failure of a sample is 
e result of its decrease in resistivity. - This decrease in resistivity has been 
ribed to the formation of fine holes through the material. This explanation 
s confirmed by the microscopic examination of microtome sections of the 
iples which failed. These sections showed fern-like figures projecting into the 


All of the samples that failed were in the form of tubes, with water electrodes 
th inside and outside the tubes. Some copper salts were inadvertently allowed 
form inside the tubes. The catalytic action of these copper salts accelerated 
e aging, and probably changed its character. 
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I. INTRODUCTION 


The dielectric constant, power factor, and resistivity of a number 
samples of rubber and gutta-percha which were stored under 
ater have been observed over a period of about seven years. During 
ls time, measurements have been made on the average at two 
onths intervals.! These measurements showed marked changes in 
te values of all the specimens. 
The changes which have been observed are doubtless the combined 
‘ct of oxidation, water absorption, and variations in temperature. 





4 m ‘ccount of the pressure of other work some of the measurements have been discontinued and others 
wig wade at infrequent intervals, The results to date are presented in the hope that they may be of 
ce to others who may be contemplating similar investigations. 
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As the specimens were always measured at room temperature | 
temperature changes produced seasonal changes which can be land 
eliminated by drawing smooth curves when the data is plotied yj 
time as one coordinate. However, since water absorption incr 
with the amount of oxidation,” no attempt has been made to Sepang 
these two effects. 

With some samples, the oxidation has been hastened by catalyj 
action of copper salts which were inadvertently present. On 4 
account no conclusions can be drawn concerning the normal life] 
these rubber compounds when stored under water. 


II. DESCRIPTION OF SPECIMENS 


Three classes of specimens were used in this investigation. Thy 
were 3 pairs of specimens from submarine cables insulated with rubj 
11 specimens consisting of rubber tubes, and 4 specimens of mij 
percha covered wire. : 

The cable specimens with rubber insulation were short leng 
of submarine cables which were recovered during repairs to { 
Alaska cable system. Two pairs of specimens were taken fromt 
cable which had been laid from Seattle to Sitka, while the third y 
probably came from the cable laid from Sitka to Valdez, Alisj 
These six specimens are designated by the letter “A.” The « 
position of the specimens taken from the Seattle-Sitka cable as} 
ported by the manufacturing company is given in Table 1. 17 
other pair of specimens had a slightly different composition. Ac 
plete analysis of the chemical composition of these specimens was) 
made. However, the ash determination showed that these specime 
contained more filler than the other cables. The rubber insulation 
these cable specimens was about 2.7 mm thick, and surrounded 
stranded copper wire about 2.5 mm in diameter. The specim¢ 
were about 1,500 em long. 


TABLE 1 





Composition 
; 
| Where obtained | 


Whit- | Zine Sul- | Tal 
ing | oxide | phur : 


one Paraffin 





| j 
| Per cent. Percent Per cent Per cent Per cent! Per cent rat 

| Seattle - Sitka; 40.5 5.0 1.9 44.1 
submarine | 
cable. | 

— 

Sitka - 
submarine 
cable. | 

| Bureau of | 
Standards | 
rubber labora- | 














* Gutta-percha. 


? Lowry and Kohman: The Mechanism of the Absorption of Water by Rubber, J. Phys., Chem. 
1927, 
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The tube specimens were made in the rubber laboratory of the 
‘ational Bureau of Standards, and they are designated by the letter 
7.” These tubes had a wall thickness of about 1.6 mm, an inside 
‘ameter of about 8 mm and lengths varying from 1,200 to 2,800 cm. 
hey were quite varied in composition, but were not compounded 
ccording to any logical sequence. The exact compositions are 
‘ven in Table 1. In general, the time of vulcanization was such as 
vive maximum tensile strength, but the time of vulcanization of 
ype set was varied to show the effect of vulcanization on life. 

The gutta-percha specimens were taken from samples of gutta- 
nercha cables obtained from an English cable company, and pre- 
umably are all alike. They are designated by the letter “G.”’ The 
Hiameter of the wire was about 1.6 mm, the thickness of the gutta- 
ercha surrounding it was about 1.7 mm and the length of each 
specimen Was about 3,000 cm. 


III. CONDITION OF TEST 


The outer electrode for each of these specimens was the water 

which it was immersed. The inner electrodes for the rubber 
‘able specimens and the gutta-percha specimens were the wires 
shich the insulation covered. An inner electrode for each of the 
ube specimens wag provided by passing a copper wire through the 
ube and then filling the tube with water. In these cases, then, 
he water was on both the outside and inside of the specimen. 

The specimens were coiled into coils having a diameter of about 
25cm and placed in galvanized iron containers which were filled with 
vater. The ends of the specimens were made to extend about 15 em 
above the surface of the water in the containers. Guard electrodes 
were provided by wrapping strips of tinfoil around the specimens 
about 2 em from the ends of the specimens. 

The only care given the specimens was that of replacing the water 
that had evaporated. The mineral content of the water probably 
increased slowly with time because of the use of ordinary tap water 
for replacing the water which was lost by evaporation. No attempt 
was made to regulate the temperature, but records of the temperature 
at the time that measurements were made were carefully kept. 
The temperature varied from 13° to 26° C., the average winter 
temperature being 17° C. and the average summer temperature 
25°C, 

IV. ELECTRICAL MEASUREMENTS 


The capacitance was measured by two different methods, one 
oi which used direct current and one alternating current. Two 
separate Measurements were made using the direct-current method 
known as the method of mixtures,’ the difference in the two measure- 
nents being that the cycle of voltage application was different 
in the two cases. In both cases, the charging time was 0.6 second. 
During the first 0.5 second of this charging time, the condenser 
was mechanically connected to the charging battery, while during the 
last 0.1 second the condenser was insulated. In one case, the dis- 
charge time was 0.1 second; in the other case, it was 1.0 second. 
In this paper the capacitance obtained by these two methods will be 





'H. L, Curtis, Mica Condensers as Standards of Capacity, B. S. Bul., 6, p. 441; 1910, 
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called the ‘“‘tenth-second capacitance”? and the ‘‘one-second Capa 
tance.” The effective dielectric constants computed from ¢) 
capacitances will be correspondingly designated. 

The effective dielectric constant is computed from the capacitay 
measured at a stated frequency. For other than perfect condense 
the capacitance is a function of the frequency, and thus the effec; 
dielectric constant is a function of the frequency. 

The specimens were not made with sufficient exactness to per 
an accurate determination of those dimensions which are requip 
for computing the dielectric constant and resistivity of the mater| 
However, the same values were used in all the computations, so thy 
the indicated changes are relatively correct. These relative chang 
were more important for this investigation than the absolute vali 

The alternating-current capacitance and the power factor wa 
measured at 60 cycles by means of a series inductance bridge: | 
this paper the capacitance thus obtained will be called the ‘60-cy 
‘apacitance” and the dielectric constant computed from this caps 
itance will be called the ‘‘60-cycle dielectric constant.” 

The resistance was measured by means of the direct deflection o/ 
galvanometer.® 

V. MICROTOME SECTIONS 


Microtome sections were prepared of some of the specimens; 
order that they might be examined under a compound microscop 
As it is impossible to cut thin sections of rubber at ordinary tempen 
ture, it was necessary to develop a special technique. The meth 
used was a variation of the method used by Depew and Ruby’’ | 
consisted of cooling the specimen to a temperature of approximate 
— 50° C., at which temperature it was sufficiently hard to permit th 
cutting of thin sections. 

The specimen was held in the position for sectioning by freezin 
it to the top of a block which was clamped to the stage of the mien 
tome. This block acted as a thermal insulator, so that the specime 
could be cooled to the desired temperature without cooling the micr 
tome. Firm bond between the specimen and the block was obtain 
by surrounding the specimen with water and freezing the water } 
means of a stream of cold air, which also served to cool the specie 

The stream of air was cooled by means of liquid air. Air obtain 
from the regular compressed air line of the laboratory was pass 
through a drying tube to remove moisture and then carried to {! 
bottom of a Dewar flask containing liquid air, so that it bubbled throug 
the liquid, thus cooling to nearly —180° C. Another tube leadin 
from the stopper was directed so that the stream impinged on t! 
specimen. The cooling of the specimen could be regulated by reg 
lating the amount of air which passed through the Dewar flask. Th 
arrangement can readily be eilerstcos from the diagram in Figure 

Since it was not feasible to measure the temperature of the specimel 
the correct temperature for cutting the specimen was a matter ¢ 
judgment. If the specimen was too cold, it became so hard that 





4 F. W. Grover, Simultaneous Measurements of the Capacity and Power Factor of Condensers, B 
Bull., 3, p. 371; 1907. 

6H. L. Curtis and A. T. McPherson, B. S. Tech. Paper No. 299 (p. 679); 1925. 3 

6 Depew and Ruby, Some Microsections Cut from Vulcanized Rubber Articles, J. Ind, & Eng. Chel 
12, p. 1156; 1920. 
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; brittle and also injured the microtome knife. If not sufficiently 
d, the specimen would give away from the knife and would not 
t uniformly. As the cutting was necessarily done by a relatively 
mm knife, the cutting of the section tended to warm the specimen. 
once, after each cut the specimen was kept under the cold-air 
eam for several seconds in order to cool it to the necessary tem- 
rature for the next cutting. 

The sections were permitted to reach room temperature before they 
pre mounted in Canada balsam on a microscope slide after the 
thod used for biological specimens. ‘The most useful specimens 
da thickness of from 5 to 10 uw. In examining the specimen a 
pgnification of about 50 diameters gave the most useful information. 
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FicurE_1.—Diagram showing the method used to hold and cool rubber speci- 
mens for sectioning 


The specimen is cemented by ice to the top of a wooden block that is held in the clamp on the 
stage of a microtome. The ice is kept solid and the specimen cooled to the desired temperature 
by a stream of air which has been dried and passed through liquid air. The temperature of the 
specimen, which is regulated by the flow of air through the system, must be low enough so that 
the specimen will not yield under the pressure of the microtome knife and yet not be so low 
that the specimen is hard enough to injure the knife. 


VI. RESULTS 


On the basis of the results obtained from the electrical measure- 
lents, the specimens can be placed in four groups: (1) The rubber 
bles, (2) the tube specimens which have failed, (3) the tube speci- 
lens which have not yet failed, and (4) the gutta-percha covered 
The complete data on only one specimen of each group are 
Wen, attention being called to any significant differences from the 
her samples of that group. The data are presented in the form of 
Ives, the dielectric constants, power factor, and logarithm of the 
sistivity being plotted as functions of the time. The specimens 
hich have failed are T-4, T—5, and the two specimens of T-6. The 
tasurements were continued on these until further capacitance 
easurements could not be made with the equipment used, at which 
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time the material was considered to have failed. It might appeg 
significant that the samples w hich failed contained either “whitin o 9 
talc, but the specimens A-1, A-2, and A-3, not one of which }y 
failed, also contained tale. It is impossible to compare the ageiy 
qualities of these two types of specimens as the tube specimens wos 
thinner than the cable specimens and their deterioration was accgl 
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10 20 30 40 50 60 10 
MONTHS UNDER WATER 
Figure 2.—Changes of the dielectric constants, power factor, and resistivily 
of specimen A-1 with time stored under water 


This specimen was selec ted as typical of the group of submarine cables wiich did not fail during 
the 92 months under observation. 


erated by the presence of copper salts. On the other hand, the cabl 
specimens were in salt water at 4° C. for nearly 20 years before thi 
investigation was started. 

The results on A- 1, which was selected from the group of Sere 
cables, are shown in Figure 2 2. The effective values of the dielect 
constant as obtained by the methods already described are some 
what different at any one time, yet all of them increased at the raté 
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about 25 per cent in 92 months. The power factor did not show 

y change with time. The resistivity increased during the first five 

‘nths, but after that there was no permanent change. However, 

ere were large seasonal variations, as shown by the fact that the 

bck dots (winter observations) are nearly all above the curve, while 

e open circles (summer observations) are below the curve. This 

ys probably due to the change in temperature at the different 

sons. 

Of the five additional cables in this group, two gave results which 

» somewhat different from those of A-1. Instead of remaining con- 

nt, the power factors of these increased about 46 per cent, and the 

sistivities decreased about 75 per cent. However, the change in 

fective dielectric constant corresponded to that of A-1. 

The changes with time of the electrical properties of sample T-1a, 
hich was selected as an example of the tubes that have not yet 

led, are shown in Figure 3. All of the three effective dielectric 

nstants increased more than 50 per cent in 85 months, the major 
st of the increase occurring in the first 30 months. Moreover, 
ith increasing time there is a decided separation of the three curves, 
he one-second dielectric constant having increased appreciably more 
an the tenth-second dielectric constant, and this in turn more than 

e 60-cycle. The power factor showed continuous increase from 
021 to 0.048, together with very pronounced seasonal variations. 
he resistivity decreased for the first 30 months, then became nearly 

ationary. ‘This indicates a closer correlation between resistivity 
nd effective 60-cycle dielectric constant than between resistivity 
nd power factor. 

Of the remaining specimens of this group nearly all gave results 
hich differed from those of specimen T—1la in one way or another. 
n two cases of the same composition, there was no change in the slopes 
‘the curves of the effective dielectric constants, only a steady in- 
rease, and in one other case the power factor did not change perma- 
ently. The resistivity decreased in all cases, but in three cases 
ere Was no pronounced change in slope as was the case of specimen 
-la. There is no evidence that aging in any way depends on the 
ulcanization. The four specimens of T-1 each had a different vul- 
anization and there are no marked differences in the changes of the 
lectrical properties of these with time. 

The results on specimen T-4, which was one of the group of tube 
pecimens that failed, are shown by the curves in Figure 4. Measure- 
hents were continued on this specimen for only 62 months, at which 
ime the deterioration had become so pronounced that no satisfac- 
ory measurements could be made. During the first 54 months the 
lective dielectric constants had increased nearly 100 per cent, 
ne three curves remaining approximately the same distance apart. 
he resistivity and power factor were constant until failure was 
pproached. 

The first indication that the specimen was approaching failure is 
ound in the resistivity curve. At 44 months this curve bends 
harply downward making a break in the curve. Ten months later 
he curves of the effective one-second and tenth-second dielectric con- 
tants turn toward the effective 60-cycle dielectric constant, making 
breaks in these curves. Four months after these breaks there appears 

be a sécond break in the one-second dielectric constant curve when 
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the values which had been decreasing begin to increase. Abov{ 
time of the first break in the dielectric constant curves the jp, 
factor began to increase. However, even to the last measurement, ; 
effective 60-cycle dielectric constant curve showed no break. 
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3 ie; 30 6 90 
MONTHS UNDER WATER 
Fiacure 3.—Changes of the dielectric constants, power factor, and resistit 
of the specimen T-la with time stored under water 


This specimen was selected as being typical of the group of rubber tubes which did not fail during 
the 85 months under observation. 


The curves for the other three specimens of the group which fale 
were, in general, similar to the curves of T-4. “The resistivity curve 
for the different specimens showed breaks at 66, 67, and 76 montis 
From 3 to 17 months after the breaks in resistivity curves, break 
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Figure 4.—Changes of the dielectric constants, power factor, and resistivity 


of T-4 with time stored under water 


This specimen was selected as being typical of the group of rubber tubes which failed, 
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occurred in the one-second and tenth-second dielectric COnstyy 
curves, the breaks for the two curves of any one specimen } 
simultaneous. At 4 and 6 months, respectively, after the fy 
breaks, the one-second curves of two specimens showed a Seco, 
break, "the direction being the same as shown in the curve oj 7 
(fig. 4), but the magnitude of the change being considerably la 
For every specimen ‘the break in the power factor curve occur red 
the same time as the first break in the dielectric constant currg 
For no specimen was there a break in the 60-cycle dielectric const 
curve. 

In order to determine whether the electrical failure was due to oa 
eral deterioration or to a local fault, the specimen was tested part M 
part. It was found that the resistance was low for all parts of jj 
specimen, but that the resistance of the parts near the ends y, 
lower than the rest of the specimens. 

This specimen and one of the group of tubes which did not {i 
were then cut to pieces and carefully examined. It was found th 
the copper wire w vhich had been run through the length of the spe 
men was badly corroded and the inner surfaces of the tubes we 
greenish in color, hard and brittle, indicating that copper salts hy 
promoted the deterioration of the rubber. This was more noticeut| 
near the ends of the tubes where the resistance was lowest. 1h 
coating on the inner surface was more pronounced in the specin: 
that failed than in the one which did not. 

The effect of age on the electrical properties of gutta-percha w 
hard to determine because of the strong tendency for the gutts 
percha to crack. In most cases the crack occurred so suddenly thi 
there was no way of observing the effect of approaching failure on th 
electrical properties. However, in one case the crack developed at: 
sufficiently slow rate so that these effects could be observed. Th 
changes of the electrical properties of G—4 are shown in Figure 5 

Measurements were made on G-4 for only 71 months, after whid 
time satisfactory measurements were impossible on account of th 
cracking of the material. During the first 60 months the effectir 
dielectric constants increased about 44 per cent. The separation: 
the effective dielectric constants was small, but increased with tim: 
The power factor increased from about 0.01 to nearly 0.04 durin 
that time while the resistivity remained nearly constant. The # 
proach of failure was indicated by all the curves except the 60-cycl 
dielectric constant at about the same time. The changes in ress 
tivity, direct-current dielectric constants, and power factor wer 
very rapid at the end of 60 months. There was a sudden decreas 
of the effective tenth-second dielectric constant. No measurement 0 
the effective l-second dielectric constant was obtained during t) 
6-month period between 60 months and 66 months but at the end 0] 
this time it was much higher than at the end of 60 months. Th 
decrease of the resistivity was very rapid and large. As in the oth 
cases, the effective 60-cycle dielectric constant continued to incre 
at about its normal rate ‘through this period. 

A summary of the results on all the specimens is given in Table? 
Only the 60-cycle dielectric constants are given. The percentay 
increases with time are about the same for the effective ‘“tenth-s 
ond” and ‘“‘one-second”’ dielectric constants as for the 60-cycl 
though in every case the latter was lower than the tenth-second col 
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which in turn was lower than the one-second value. There 
. wide variation of the percentage increase of the effective dielec- 
.onstant from specimen to specimen, but in every case there 
a definite increase. There were even larger differences with 
| to change of the power factor, some samples showing no 
iable permanent change with time. The resistivity showed 
manent change with time in two cases, increased in two cases, 
lecreased in all other cases. 


VII. DISCUSSIONS OF RESULTS 


he different speciments showed such a wide variation in behavior 
very few general conclusions can be drawn. However, the data 
very specimen under observation show that the effective 60- 
dielectric constant increased with time as long as measurements 
made. This assumes that the dimensions have remained un- 
bved. Whether this increase was caused by chemical changes 
rater absorption can not be determined from the present data. 
those specimens which failed, the approach of failure was first 
‘ated by a marked decrease in resistivity. The observed breaks 
, occurred in the effective one-second and tenth-second dielectric 
tant curves were probably caused by the decrease in the resistance 
1e specimen. The capacitance of the specimen measured with 
tenth second discharge always showed a decrease when the 
tance of the specimen fell below 10” ohms, as shown in the 
t to the last column in Table 2. The capacitance measured with 
second discharge always showed a decided change when the 
stance decreased to 10'* ohms, but this change was sometimes an 
ease, Sometimes a decrease. In most cases, where there was an 
jal decrease of the one-second capacitance there was later an 
ease When the resistance had fallen sufficiently low. Apparently 
peculiar behavior is brought about by the dielectric absorption 
he specimen, but no quantitative relationship has been estab- 
ed. This decrease and later increase is indicated in the curve for 
one-second capacitance of Figure 4, though the increase in this 
isso small as to have passed unnoticed had it not been for results 
ther specimens. 
he time interval between the breaks in the resistivity and dielec- 
constant curves is seen to be dependent on the rate of decrease 
le resistivity. When the resistivity decreased rapidly this time 
erval was small. In the case of G—4 this interval was less than 
t between measurements and, therefore, from the curves it appears 
t the breaks in both sets of curves came at the same time. 
he break in the power-factor curves can likewise be attributed 
he decreased resistance of the specimen, and in this case the rela- 
n is quantitative. So long as the resistance remains high the 
ver loss, due to conduction through the insulating material, is a 
ligible part of the total, but after the break in the power-factor 
ves, the loss due to the decreased resistivity accounts for the sharp 
ease which occurs in the power factor. A possible exception 
u's when the resistivity becomes very low, but under this condition 
asurements of both resistance and power factor are very inaccurate. 
ince all the changes in the observed curves as the specimen 
proached failure can be explained by the decrease in resistance, it 
pears that the direct measurement of the resistance is the best 
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method of determining the electrical failure of materials of this iy 
This is emphasized by the fact that the break in the resistivity 
occurs several months in advance of the break in any other cur, 

The decrease in resistance of those rubber specimens which {qj 
is not caused by a single large hole opening through the insulati 
as was shown by the measurements on one of the tube specing 
where the resistance of all parts was low. An explanation y}; 
seems to fit the facts can be made by assuming that numerous {y 
holes, which become filled with water, extend through or ney 
through the insulation. The resistivity of water is less than oy 
trillionth part of that of rubber so that a very few minute holes yj 
explain the decrease in resistance. At the same time the meagy 
dielectric constant would not be appreciably affected by these ho 
since the dielectric constant of water is never more than 30 times thy 
of the rubber. Little is known about the power factor of water, } 
apparently the observed break in the power factor curve is not inca 
sistent with the above explanation of the cause of failure. Wh; 
this explanation fits the facts, there may be others which would 
equally satisfactory. 

The above explanation has been confirmed by observations 4 
microtome sections of the failed specimens. A characteristic mic 
photograph of a section is shown in Figure 6. Dark, fernlike figuy 
can be seen extending into the rubber from the surface on the insid 
of the tube, many for at least one-third of the thickness of the rubbe 
While none has been observed which reaches entirely through ¢ 
rubber, this is no reflection on the above theory. The chances 
observing one are exceedingly small because few are required 1 
account for the observed resistivities and the portion of the specine 
represented by the sections on the slides is minute. 

Since this type of deterioration occurred only where copper sal 
were present on the surface, it is probable that these salts have cou 
bined with the sulphur of the rubber to form cuprous sulphide, whic 
has the dark color observed in the fernlike portions. Since copp 
salts were present on all samples which were observed until failu 
occurred, the conclusion concerning the change of electrical properti 
in the approach of failure may not apply to samples where such salt 
are not present. However, in a cable submerged in sea water, af 
insignificantly small penetration of water through an exceeding! 
small pore might start the formation of copper salts which woul 
rapidly enlarge the hole and cause a failure of the cable. 

In some cases there was considerable change of the electrical pro 
erties with the season, which probably was due to the change in tem 
perature. This did not show up in the same property in all spec 
mens. In the rubber cables the resistivity varied considerably wil 
the season, while the other properties did not vary so much. In tht 
tube specimens, the resistivity did not change much with the season 
while the other properties did change. If the temperature had bee 
controlled, better determination of the effect of time on the electric: 
properties would have resulted. 

The authors wish to acknowledge the assistance of a number of the 
coworkers at the Bureau of Standards. In particular, the specime! 
for this investigation were made under the direction of S. Collier, at 
the early electrical measurements were made by Miss Johanna Busse 


WasHINGTON, February 25, 1930. 
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Ficgure 6.—Microphotograph of a section of specimen T 


S ophotograph of a section of a tube specimen which failed shows the dark fern-like figures 
extending into therubber, ‘These figures are probably caused by the presence of cuprous sulphide 
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THE RESISTANCE OF STEELS TO ABRASION BY SAND 
By Samuel J. Rosenberg 


ABSTRACT 


A study has been made of the adaptability of three types of apparatus, namely, 
the ball-mill, the sand blast, and the Brinell machine, to the testing of the resist- 
ance of metals to abrasion. A detailed description of all apparatus used is 
given. . ; 

The ball mill was generally unsatisfactory; the sand blast gave consistent 
results but did not differentiate between the materials tested, apparently because 
of the fact that the abrading conditions were not sufficiently severe; but the 
Brinell machine proved to be generally satisfactory. 

The Brinell test showed that the resistance to wear of normalized, annealed, 
hardened, or tempered carbon steels increases with their hardness. Increasing 
the temperature of annealing resulted in a slight increase in resistance to wear, 
the increase being more marked in a low-carbon than in a high-carbon steel. 

Abrasion in this type of test is caused by the gradual breaking up of the indi- 
vidual grains and not by the removal of separate grains in their entirety, and this 
action is accompanied by local strain hardening, 
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I. INTRODUCTION 


The problem of testing the resistance of metals to wear is one of the 
most perplexing problems confronting the testing engineer to-day. 
So many different variables enter, that it is generally agreed there is 
ho universal test for determining the resistance of metals to wear. 
Attempts have been made, therefore, by various investigators, to 
study certain types of wear with machines especially designed to 
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simulate particular conditions of service, and this method seems to }, 
the most promising mode of attack. 7 
The object of this investigation was not to find a~universal testi 
machine for all conditions of servic e, because the development of ) 
a machine does not appear to be probable, but it was believed th 
closely controlled laboratory tests with a series of ferrous metals wou 
be of value as a contribution to the general problem of the testing 
of the resistance of metals to abrasion. 
Wear may be divided into two major types—wear caused by abn. 
sion of metal on metal, and wear caused by abrasives on metal, The 
latter type only will be considered in this paper. 


II. PREVIOUS INVESTIGATIONS 


Probably the earliest work on abrasive wear was carried out by 
Robin.' His tests consisted in determining the wear of steels whey 
rubbed under a known pressure on papers which were covered with 
an abrasive powder. A cylindrical steel specimen (50 mm in diameter 
described a circular path having a diameter of 150 mm; the pressur 
used was 1 kg/cm?, and the speed was 70 revolutions per minute. The 
abrasion number was the sum of the weights of metal lost by abrasion 
in three consecutive tests, each lasting a minute. 

For the same type of steel with the same abrasive, two sheets of 
different papers gave comparable results. Precision was from 2 t 
10 per cent on ordinary steel and from 15 to 20 per cent for very har 
steels. The effect of variables was stated to be as follows: 


Pressure—Augments the wear approximately proportionately if within 05 
to 2 kg/em?. In hard steels the wear increases at a more rapid rate and the curve 
is parabolic. The wear is proportional to the surface area of the specimen. 

Speed.—Increases the abrasive power of the paper. Some steels are mor 
sensitive than others, especially those which were also sensitive to variations 
pressure. 

Nature of abrasive-—Different abrasive materials and papers of different sizes 
of grain class the metals in approximately the same order while they give different 
fig Ires 2s functions of the abrasive power. 

Vear of steels—In the case of annealed carbon steels, the wear is not propor 
tional to the pearlite. A maximum of abrasion was found with 0.4 per cent carbor; 
in hypereutectoid steels the wear was approximately proportional to the carbo 
percentage. Increased fineness of the particles, cold work, and the presence of 
phosphorus increase the resistance to abrasion; the presence of silicon and manga- 
nese diminish it frequently. In cast metals the resistance grows with the phos 
phorus contents and with the percentage of iron carbide. The hardened ste 
can hardly be distinguished by this process; on the contrary, tempered steels len 
themselves to this examination without any difficulty. The best resistance in 
hardened steels seems to be characteristic of the finest martensites. 

The practical conclusions to be drawn for the domain of the science of testing] 
are the following: Each mode of measurement and each kind of test leads t 
special classification of the steels. The diverse modes of determining the weal 
can not be estimated by one and the same test. The test which has been explaine¢ 
so far appears only to lend itself for the examination of rails under certain special 
service conditions, to files, and to apparatus for disintegration, etc. 


srinell? tested a variety of materials for resistance to wear using! 
machine designed by him and described elsewhere in this report 
The effect of variables was stated to be as follows: 





— Robin, The Wear of Steels W ith Abrasives, Carnegie Scholarship Memoirs, Iron & Stee Inst 
2,p 1910. Also Abrasion Tests of Steel, Internat. Assoc. Test. Mats., Sixth Congress, IIIs; 
J 1% Brinell, An Investigation of the Resistance of Iron, Steel, and of Some Other —— als to Wear 
Jernkontorets Annaler; 1921. A more convenient reference is the transcript, by H. Holz, Brinelis 
Researches on the Resistance of Iron, Steel, and Some Other Materials to Wear, Testing, 1 p. 104; 1944 
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1, Coarse-grained sand produces greater wear than finer sand under equal 


nditions. 
NG . . . 
9 In using pure quartz sand, wear is greater than that produced by ordinary 


a sssicety grain size of sand is of decisive influence as to abrasive action, 
orefore, two sorts of sand with equal size of smallest and largest grain may 
nesess a Widely different abrasive effect. 

4. Grain form is not of influence, at least at pressures up to 10 kg, but in the 
vestigation of softer materials at lower pressures the sand with sharp corners 
duces a greater wear than sand of round grain. 

In the carbon steels he found that resistance to wear increased 
th hardness. 
\ machine for the determination of abrasive wear was described 

y Parker. In making a test, the specimen was clamped with a 
binite force for a definite length of time against the face of an 
jundum grinding wheel, which was continuously dressed. - The 
wnber of revolutions required to produce a given depth of wear was 
corded automatically. The only results reported showed that of 

materials, 1 untreated, 1 with a thin carburized case, and 1 with 

thick carburized case, the last mentioned had the greatest resist- 
we to wear, with the thin carburized case running a close second. 
he untreated material had a relatively low resistance. 

A machine for determination of wear under wet grinding condi- 
jons was described by Blake.* In principle, the machine was an 
ccurately controlled grinding machine in which all conditions as to 
brasive, pressure, speed, time, and moisture were under control. 
he wear was measured by the amount of metal worn off in approxi- 
ately 15,000 feet of travel at a speed of 125 feet per minute, with a 
messure Of 50 lbs./in.* on a testing face of approximately 3 square 
ches, and the wear was expressed as the ratio of loss of weight of 
he metal tested to loss of weight of an adopted standard (commer- 
july pure iron). His conclusions are: 

This abrasion tester has shown that each abrasive or mineral substance develops 
ts own order of relative abrasion resistance for metals and that the position of 
uy steel or alloy on a listing of abrasion factors will depend upon the nature of 
rasive employed. In extreme cases it has been found that steels at the top of 
ie list with one abrasive are at the bottom of the list with another. ‘This dis- 
overy has eliminated the idea of securing general all-around high abrasion 
esistance in any one steel. 

An actual service test was made by Clapp and Deveraux' in which 
ix 5-inch diameter chromium steel balls and six 5-inch diameter 
tromium-molybdenum steel balls were placed in a ball mill. The 
uaterial ground was 3-inch maximum size chalcopyritic ore in which 
le gangue was a hard shale and quartz. After six weeks the 
tromium steel balls were 2 te 2% inches in diameter while the others 
rere 4 to 444 inches in diameter. 


III. EQUIPMENT AND TEST METHODS 
1. BALL-MILL TEST 


The mill used for this test consisted of two cylindrical containers 
‘uch revolved about their longitudinal axes during test at a speed 
‘00 r. p.m. The interior of the container used in the tests (only 


W _H. Parker, The Wearing Qualities of Tire Chains, Proc. Am. Soc. Test. Matls., 28-2, p. 332; 1928. 
‘1. M. Blake, Wear Testing of Various Types of Steels, Proc. Am. Soc. Test. Matls., 28-2, p. 341; 1928. 
tt { Clapp and F. C. Deveraux, Tests with Molybdenum Steel Balls at Matahambre, Cuba, Eng. & 

uJ. Press, 120, p. 891; 1925. 
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one container was used) was lined with rubber to prevent the jp. 

pinging of the steel specimens upon the porcelain walls. After bein, 

so lined, the size of the container was 9 inches in diameter by }) 
inches long. Figure 1 shows a photograph of the apparatus. — 

The specimens used for this test were ground and lapped inj) 

l-inch spheres. Ten kilograms of a certain sand was placed in th 

mill at the beginning of each test run, the samples were then laid jy 

the sand, the cover tightened, and the mill started. Entirely noy 

ale GLAST sand was used for each tes 

The diameters of the speci. 

mens were Carefully meg. 

ured and the losses 4 

ry i weight determined afte 

RES each run. Wear was ¢. 

Tt Bess -SLIDE VALVE ; ef 9 Ut 

it “SS pressed as loss of weigh 

7 (milligrams) per square cen. 

timeter of surface per how 

of test. 








2. SAND-BLAST TEST 


Since the sand blast i 
SPECIMEN HELD IN ZY such a rapidly abrading 
POSITION BY HOOKS — : : . 
process, it seems logical to 
attempt to adapt it to 
abrasion testing. Figure? 
is a diagrammatic sketch 
of the apparatus designed 
y and used for this test. In 
Ze SEND ee NSS L, this test a special nozzle 
mm | ASS y five-sixteenths inch in di 
Ws dl ameter, was placed in the top 
of a rubber-lined wooden 
box. The nozzle was cor- 
nected to the bottom of a Y 
pipe fitting. Sand and ar 
were introduced through 
the two upper branches 0! 
the Y, the air passing 
through an inner tube into 
the Y. The lower end of 
this tube, which carried the 
air blast into the nozzle, was below the point at which the sand was 
introduced so as to avoid “backing up’’ of thesand. The introduc 
tion of the sand was controlled by a slide valve. 

The specimens used were flat, 3-inch squares, about one-fourth inch 
thick, held in place at an angle of 45° to the axis of the nozzle and 
about 3% inches below it. An opening in the bottom of the box 
provided an outlet for the sand and air. 

In all tests a weighed amount of sand was placed in the sand con- 
tainer. A rubber hose connected the bottom of this container wit! 
the sand inlet. The air blast was adjusted to the proper pressure, 
and a slide valve in the sand inlet was opened, thus giving an imme 
diate and full flow of sand. The air blast, emerging from the tube, 






































Figure 2.—Diagrammatic sketch of 
sand-blast apparatus 
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Figure 3.—Brinell machine 


a, With specimen in position for test; 6, with specimen removed. 
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ed suck the sand downward and automatically caused mixture in 
‘nozzle and abrasion of the specimen. 

he spec imens were cleaned and weighed before and after test, and 
loss of weight taken as a measure of the resistanc e to wear. 'Sev- 
DC yiwe utive tests were made on each specimen until a definite 


. of wear was observed. 
3. BRINELL TEST 


, photograph of the Brinell machine for testing the resistance of 
eis to wear, with and without a specimen in place, is shown in 


mires 3 (a) and (6). In oper- 
ng the machine, the specimen, Wid aera 
was clamped to a slotted plate, 
mounted on a carriage, C, to 
hich was attached a cord passing 
er a pulley and carrying the 
rights, D. A disk, E, of open- 
arth iron, 100 mm in diameter 
d4 mm thick, was so mounted 
a shaft that the center line of 
face coincided with the center 
be of the slot, B, against which 
especimen was clamped. When 
ecam, /, working against a stop, 
| on the slide was turned to the 
boper position, the carriage, C, 
punted on ball bearings, mov ed 
the right until the specimen 
ied against the abrasion disk, 
e pressure between the two being 
etermined by the weights attach- 
to the end of the slide. 
A hopper, H, above the slotted 
ate was filled with sand fed into 
from the receptacle placed 
bove. During the test a contin- 
ous stream of sand was passed 
etween the specimen and the disk. 
he disk had a speed of 45r. p. m., 
nd the linear travel of a point on 
scircumference could be adjusted A~ 
yagraduated wheel and lock nut, f 
,on top of the machine. kittie ala poe 4.— Diagrammatic sketch 
of essential parts of Brinell ma- 
he disk had run the predetermined dite 
stance, the motor stopped auto- 
nat tically. During the test the motor also actuated a small fan which 
ucked the used sand down into a bag. Figure 4 is a diagrammatic 
ketch illustrating the essential parts of the machine. 
Now principle of the test, then, is as follows: The plane surface of 
test specimen is pressed under a definite load against the edge of 
lowly rotating disk while a constant stream of standardized, ‘fine- 
ained sand is fed between the surface of the disk and the specimen. 
Alter the circumference of the disk has run through the distance 
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required for a test, the specimen is removed, washed, dried, », 

weighed, and the maximum depth of the segmentary groove prody 

is measured by means of a depth indicator reading directly to 0.01 my 

The wear-resistance number ‘‘Nm”’ is calculated from the for 
r 1,000 : ‘ P — 

Nm=~—, where A is the volume in cubic millimeters of the won 


out segment for 1 mm thickness of disk. In tables furnished with ; 
machine values of ‘‘Nm” are given for different values of diame 
of disk and maximum depth of groove. 

Two methods of expressing the resistance to wear as determined} 
the Brinell machine are (1) by means of the “‘Nm”’ numbers and (/ 
by means of the losses of weight. The former is rather unrelia)j 
and frequently gives erratic results, due to the difficulty of securip 
an accurate reading of the depth of the groove because of the relatiy¢ 
rough bottom. This error is aggravated by the human equation; 
reading the dial, the pointer of which wavers over an appreciab 
distance as the point of the gage is moved but slightly over the rou 
bottom. For these reasons, although the ‘‘Nm” numbers are give 
on the curves (figs. 9 and 13) the losses of weight have been used 
the criterion of the rate of wear (or resistance to wear). 


In the tests made, none of the abrading disks was used when if 


diameter wore below 97.5 mm. When a new wheel was used for thy 
first time, its surface was roughened by first running it against : 
dummy specimen in the machine. During a test the edge of the dis} 
often burred over, especially when the test specimen was of soft stee 
In these cases the faces of the disk were dressed by a file after ead 
test. 

Inconsistent results were at first obtained by this machine. }; 
sieving the sand used and by removing the two guide plates, P (fig. 4 


thus allowing a free flow of sand, results were secured which gavé 


good checks. 
IV. RESULTS 


1. BALL-MILL TEST 


Two series of tests were made. In one, standard Ottawa silic: 
sand, 20 to 30 mesh, was used, while in the other, Illinois glass sand 
a much finer and sharper sand, was used. The results of these tests 
together with the compositions and heat treatments of the steel 
tested, are summarized in Tables 1 and 2. All specimens marked “C’ 
were cast, while specimens marked “F”’ were forged. Widely differ 
ent test results were usually obtained on the same material dunn: 
different tests. The reason for this is not at all clear, 


~*~ 10% 


hour 


centimeter per 


Unit loss, mg per square 
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ler to obtain some idea of the trends shown by the tests, the 
on 24-hour runs with each abrasive were averaged. The differ- 
We tween the various steels are not very m: arked. It is of inter- 
+) note that the forged and hardened specimens in each group lost 
least amount of weight. Generally speaking, the 0.97 per cent 
omium steel was found to be the most wea: --resistant steel in the 
cs Contrary to what might have been expected, in this type of 
the finer, sharper sand (Illinois glass sand) -aused less wear than 
oman Ottawa sand. 


: or 


2. SAND-BLAST TEST 


‘eure 5 shows the results of tests on a series of steels, together 
h h the compositions and heat treatments. Plotting the losses of 
cht against the amount of sand blasted on the specimens gave, 
er a wearing-in period, a straight-line relationship. The loss of 
ht of the specimen per unit amount of s: und blasted was deter- 
red from the slope of the line. It was surprising to note that all 
dif le rent steels, even when subjected to different heat treatments, 
wed about the vex rate of wear. The very slight increase in 
a wear shown by heats No. 85046HM and 68290HM was not 
) the steel, but to the use of a new sand-blast nozzle, as will be 
ained later. 
‘he results of tests on a series of 0.45 per cent carbon steels, to 
w the effects of additions of Ni, Cr, and V as alloying elements, are 
in Figure 6. The sand used in these tests was different from 
-sand used for the tests summarized in Figure 5, therefore no 
vious correlation between the two sets of curves is to be expected. 
re, again, it was found that differences in composition and in heat 
atment were not reflected by the resistance to wear, all steels show- 
ihe same rate of wear well within the limit of experimental error. 
ne sand use d in this test was standard Ottaw a silica sand, 20 to 30 
hin size, at an air pressure of 60 lbs. eae , and the loss of weight 
r2 kg of sand blasted was about 0.095 
San d-bla ast tests on some widely different materials are summa- 
din Figure 7, both at 30 and 60 lbs./in.2 pressure. The losses of 
cht when tested with the 30- pound pressure were considerably 
‘than when tested under the 60-pound pressure, but the order of 
tes of wear was the same for the specimens. . 
In the tests under the 30-pound blast, no difference in resistance to 
ar Was apparent between the two chromium-molybdenum steels, 
le 12 per cent manganese steel, and the white iron. Open-hearth 
n showed a slightly higher loss of weight while gray iron lost con- 
d erably more. 
e tests made under the 60-pound blast showed that there was 
iff rence between the two chromium-molybdenum steels and the 
per cent manganese steel. The white iron, however, showed a 
dedly higher ‘loss of weight, the open-hearth iron showed still 
ore, and the gray iron again lost considerably more than any of 
le others 
lt is apparent from the curves in the three figures just given that 
i sand-blast test is an extremely accurate test. As long as the 
ime conditions of test existed, duplicate tests gave results which 
uecked better than would be expected. The main variable difficult 
control was the diameter of the sand-blast nozzle, This nozzle 


e 
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gradually wore and so enlarged, and as the area of the nozzle ineye, 
the losses of weight of the test specimens decreased. It was, tle 
fore, imperative to replace this nozzle at frequent intervals, 

The fact that this test failed to differentiate between various 
indicated that sensitivity was lacking. It is probable that th: 
conditions used were not proper to bring out large iden nee 
resistance to wear that may be inherent in the materials tested , 
this reasoning is supported by a further study of the results, 

If two materials, such as chilled iron and gray iron, be ny ss 
a light flow of sand under no pressure other than the force of o ” 
it would not be surprising to find that one was about as resists 
abrasion as the other. As the velocity of the blast of sand incre 
however, the chilled iron would begin to show its inherently hi: 
abrasiv e-resistant qualities, and as the blast became stil] 
severe, the difference between the two would probably become » 
and more apparent. 

On applying this theory to the results shown in Figure 7, at ly 
one difference is apparent, namely, the increased relative los 
weight of the white iron to the steels at the higher pressure 
appears logical, therefore, to reason that the severity of the te 
still not great enough to bring out the differences in resistance 
wear inherent in all the materials tested. 

The sharpness of the sand is also of importance in determining 
rates of wear of materials. li should be noted from results hon 
Figures 5 and 7 that when the sand blast was used as the abrad 
medium, sharp sand (Illinois glass) produced rates of wear whic hy i 
about four Gana those obtained on similar specimens tested \ 
larger and more rounded sand (Ottawa) at constant pressure. 

These results show that many factors affect the rates of wear\ 
this type of test, so it would be expected that slight changes in act 
conditions of service would affect the rates of wear of materi 
considerably. 

3. BRINELL TEST 


(a) SELECTION OF SAND 


The sand used as the abrading medium in the Brinell test i 
Illinois glass sand ° passed through a sieve of 0.297 mm. opening 
was found necessary to sieve this sand because of its Variatio nl 
grain size. This size of sand was considerably smaller, incidents 
than the size used by Brinell who recommended a grain size 
to0.8mm. The use of sand of such wide limits in size faiebduel 
variable which must be eliminated in order to secure definitely repr 
ducible data. . 

To determine whether or not the sand used should be drie( 
series of tests was made on cold-rolled steel with the sand as sie\' 
and also as sieved and dried for 24 hours at 105° to 110° C. 


‘ 


results of these tests are shown } in Table 3 





6 Furnished through the courtesy of the Tavern Rock Sand Co., Toledo, Ohio. 
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TABLE 3.—Comparison of dried and undried sand as abrasives in the Bring 


SAND NOT DRIED 





| Loss of 
weight 


Duration of test | Weight of sand passed through 





4 minutes 924 seconds | 4 pounds 534 ounces 
4 minutes 10 seconds 4 pounds 534 ounces 
4 minutes 11 seconds_________- 4 pounds 5%4 ounces 


4 minites 16 seconds... ............6..ccn 4 pounds 734 ounces__________- 


Average 4 minutes 12 seconds_._.___..___- | 4 pounds 6% ounces 


SAND AS DRIED eterm 
sults 


= 
4 pounds 9 ounces... : 1380 ; OcKW 
4 pounds 7 a 14 ounces ) i av 
4 pounds 7!%4 ounces. __- ; eee: . 133 - pees 

| 4 pounds 634 ounces- -. : . 1345 » reat 


4 minutes 11 seconds 
4 minutes 11 seconds 


4 minutes 14 seconds Ay 
4 minutes 10 seconds 


Average 4 minutes 11 seconds_______....__-- 14 sounds 734 ounces 
4 


Length of test run was 60 m and the pressure used was 10 kg. 


Excellent checks were obtained with both dried and undried sanj 
The amount of sand used per test was greater when the dried sand wa 
used, due, no doubt, to the fact that dried sand flows more freely tha 

sand with some con- 
COLD ROLLED STEEL tained moisture 
Despite the fact that 
a greater amount of 
FECT ZAVEL dry sand was use 
R the loss of weight 
was greater with the 
smaller amount of 
undried sand _ used 
in the tests. 
a large volume oi 
sand was sieved and 
stored, and since dry: 
ing the sand under 
controlled methods 
would have slowed 
up the work consid- 
erably, it was decided 
to make all tests by 
using the sand with: 
out artificial drying shiek 
0 4 a 10 


- (b) EGFECT OF PRES fg 0ID] 
PRESSURE -KG. SURE AND OF Dis. vinci 


v 20 40 60 60 100 Fae Sa veLee Se 
TRAVEL~ METERS ; 

FicurE 8.—E fect of pressure and distance traveled by A series of tests 

abrading disk in Brinell test was made on cold 

rolled steel to deter 

mine the effect of the variables—pressure and distance traveled by 

the abrading disk. The results of these tests are summarized in Fig- 

ure 8. As would be expected, increase in total pressure caused a more 
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ppid loss of weight because of the greater proportional increase in 
ressure per unit of area, while increase in travel caused a smaller in- 
rease in loss of weight due to the decreasing average pressure per 
nit of area during the test (greater area of contact). For test pur- 
es it was decided to make all runs at a pressure of 10 kg and 60 m 
avel of the disk. 


(c) EFFECT OF CARBON CONTENT ON THE RESISTANCE TO WEAR 


A series of steels varying in carbon content was tested as normalized, 
< normalized and annealed, and as normalized and hardened, to 
etermine the effect of carbon content on resistance to wear. These 
sults are summarized in Figure 9 together with the determinations of 
ockwell and Brinell hardness. All points on the curves of wear are 
he average of four tests. The chemical compositions and heat 
eatments of these steels are given in Table 4. 


TABLE 4.—Compositions of the steels 





Temperature- 


Mn fe 
} | Normal- | Harden- | Anneal- 
| izing ing ing 








| Per cent | Per cent | Per cent | Per cent | Per cent gd Ms ec. 
0. 078 | 0. 482 0. 099 0. 083 | 0.018 | 970 | 940 
. 203 | . 430 . 006 041 | . 027 | 910 
. 425 . 673 . 044 . 026 | 228 | 835 
. 578 . 700 . 013 . 023 . 200 | 800 | 


. 762 . 501 . 028 . 026 . 276 | 775 
-81 . 23 . 024 . 021 2 780 
1. 03 . 345 . 037 . 036 . 387 770 
1, 29 . 271 . O11 . 013 . 250 92: 770 











\l] specimens were about one-fourth inch thick. 

lime of holding at all temperatures, one-half hour. 

All hardening by water quenching. 

All specimens hardened or annealed were previously normalized. 


The ‘‘Nm” wear-resistance numbers of these steels were very 
atic for reasons previously mentioned and are considered of little 
value. 

If the losses of weight of these steels are considered, it is evident 
that the percentage of carbon exerted a very marked influence upon 
the resistance to wear. An increase of carbon increased resistance to 
wear and this increase was greater in the lower range of carbon con- 
tent than in the higher range. Furthermore, the resistance to wear 
of the hardened steels was greater than that of the normalized steels, 
which, in turn, showed greater resistance than the annealed steels. 
Comparing these trends with the curves of hardness shows in a con- 
vincing manner that the resistance to wear of carbon steels as deter- 
mined by the Brinel! machine is dependent upon the hardness. 

The only point which is radically off the weight-loss curves is that 
ior the annealed, 0.81 per cent carbon steel. It will be noted that 
the hardness of this steel was between the corresponding values for 
the 0.42 per cent and 0.57 per cent carbon steels and that the loss 
ii weight also was between the corresponding losses of weight of 
these two steels. Thus, a decreased hardness was reflected by an 
creased loss of weight. Similarly, the normalized, 0.76 per cent 
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Microstructures of annealed carbon steels tested in Brinell machine 





Etched with 5 per cent picric acid in alcohol. 
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103%C ~x500 1.29%C x500 


Figure 11.—Microstruclures of normalized carbon steels tested in B 


machine 


Etched with 5 per cent picric acid in alcohol. 
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B hon steel showed a slightly higher hardness as judged by the 
rve of hardness and this was reflected by a decreased loss of weight. 
The microstructures of the annealed steels are shown in Figure 10, 
ft the normalized steels in Figure 11, and of the hardened steels in 


igure 12. 


23, 
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Ficgure 13.—Effect of tempering temperature on the wear of an 
0.81 per cent carbon steel tested in Brinell machine 


|) EFFECT OF TEMPERING TEMPERATURE ON THE RESISTANCE TO WEAR 


The effect of tempering temperature on the resistance to wear of 
the 0.81 per cent carbon steel was studied. All,specimens were held 
‘uy one hour at tempering temperature. The results of the tests 
each point is the average of four tests), together with the hardness: 
elerminations, are summarized graphically in Figure 13. These 
curves show that increase in tempering temperature progressively) 
owers the resistance to wear of eutectoid carbon steel as determined 
by the Brinell machine. 

he microstructures of these steels are shown in Figure 14. 


4754°—- 3) 
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(e) EFFECT OF ANNEALING TEMPERATURE ON THE RESISTANCE TO wrap 


There is a popular conception to the effect that the smaller 4, 
grain size of the steel, the greater the resistance to wear. This jd, 
seems to be based, at least in part, upon the assumption that 4, 
larger the grain size, the more brittle the material and the my 
easuy the individual grains may be torn out. As will be shown |g 
in this report, in the type of abrasion investigated here the individy 
grains are not torn out as whole grains. 

In order to determine the effect of grain size upon the resistayy 
to wear, two steels (0.20 per cent and 0.76 per cent carbon) wey 
unnealed at successively higher temperatures and then tested, Ty 
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‘IGURE 15.—Effect of annealing temperature on the 
wear of a 0.20 per cent and 0.76 per cent carbon steel 
tested in Brinell machine 
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samples were held qne-half hour at each annealing temperature wit 
the exception of the highest temperature, at which they were bei 
for three and three-fourths hours. The results of these tests sl 
summarized in Figure 15. 

The effect of the temperature of annealing upon the resistance ' 
wear of the 0.76 per cent carbon steel was very slight, but the efie' 
on the 0.203 per cent carbon steel of increasing the temperature © 
annealing was rather marked, the resistance to wear increasing W!' 
the temperature. This is the reverse of what ordinarily would have 
been expected and no explanation of this apparent anomaly is offered 
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Ficgtre 12.—Microstructures of hardened carbon steels tested in Brinell machine 


ched with 5 per cent picric acid in alcohol, 
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FIGURE 14. ructures of a le m pe red 0.81 per cé nt carbon steel 
iv Brinell mach y € 


empered at 2 
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It may be noted, however, that increasing the temperature o/ 
nealing results in a trend toward higher hardness, and this is g fo¢; 
in causing increased resistance to wear. The microstructures of; 
9.203 per cent carbon steel, annealed at various temperatures, ». 
shown in Figure 16 and of the 0.76 per cent carbon steel in Figure y 
The increase in grain size is not so marked as might have been » 
pected, but the trend toward larger grains with increasing tempera) 
is unmistakable. 
(f) RELATION OF HARDNESS TO RESISTANCE TO WEAR 


The fact that the wear as determined by the Brinell machin 
influenced by the hardness has already been mentioned. In Figy 
i8 the data shown in Figures 9 and 13 have been replotted to 
‘he effect of hardness on the loss of weight of the various carbon ste« 
‘These curves show that for increased hardness, the losses of wei 
decrease; that is, the resistance to wear increases. This relations 
is practically linear in the lower range of hardness numbers; in; 
higher range, however, apparently large changes in hardness are: 
accompanied by correspondingly great changes in resistance to wey 
This may be due to the fact that the Brinell hardnesses of the hy 
steels were found to be unduly high, caused, perhaps, by the diflicy) 
of reading accurately small Brinell impressions. 

(g) EXAMINATION OF ABRADED SURFACES 


In order to show the manner in which wear takes place on abrad 
surfaces, the groove worn into an annealed 0.20 per cent carbon si 
was copper plated, and both cross sections and longitudinal seeti: 
were cut for microscopic examination. The structures of these sw 
ples at the wearing surfaces are shown in Figure 19. 

The appearance of the surface both at right angles to the grov 
and longitudinally through it is about the same. In both cases 1 
marked evidence of localized flow in the form of strain lines is prese 
This has also been found in wear-resistance tests of bronzes. 
examination of the abraded surface (see, for example, fig. 19 (b) 
reveals the fact that the mechanism of wear takes place by part: 
individual grains being abraded and not by grains being removed! 
their entirety. This is what would be expected when it is consid: 
that at room temperatures the cohesive force between the grail 
zreater than the internal strength of the grains. 


V. DISCUSSION OF RESULTS 
1, BALL-MILL TEST 


The results obtained with the bal] mill were quite erratic and 
be dismissed as of qualitative value only. The ball mill does: 
seem to hold much promise as a laboratory machine for testing 
resistance of metals to abrasion. The trouble with this machin 
twofold—it is not sufficiently sensitive to show positive differe 
in resistance to wear and it is not sufficiently accurate to give cl 
results. In addition to these disadvantages the making of 
spherical specimens is a costly and tedious process. 

These tests showed, however, that the forged and hardened 5] 
mens lost less weight than the normalized specimens. 


.J. French, S.J. Rosenberg, W. LeC. Harbaugh, and H. C. Cross, Wear and Mech 
I 2 


of Railroad Bearing Bronzes at Different Temperatures, B, 8, Jour. Research, 1 (RP13); 
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16. Microstructures of O.20 per cent carbon steel annealed at diffe rent 


temperatures, tested in Brinell machine 


i with 5 per cent picric acid in alcohol. X 100. a, Annealed at S90 C. for one-half hour; 
nealed at 950° (. for one-half hour; c, annealed at 1,000° C. for one-half hour; d, annealed at 
C, for one-half hour; e, annealed at 1,120° C. for three and three-fourths hours. 
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Figure 17.— Microstructures of 0.76 per cent carbon steel annealed at differen! 


temperatures, tested in Brinell machine 


Etched with 5 per cent picric acid in alcohol. X 500. a, Annealed at 755° C. for one-half hour; 
b, annealed at 850° C. for one-half hour; c, annealed at 950° C. for one-half hour; d, annealed at 
1,050° C, for one-half hour; e, annealed at 1,120° C. for three and three-fourths hours. 
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FIGURE 19.—Micrographs of the structure adjacent to the 
abraded surface of an annealed 0.20 per cent carbon steel 
tested in Brinell machine 


Etched with 2 per cent nitric acid in alcohol. a, Cross section through bot- 
tom of groove. X 100; 6,same. X 500; c, longitudinal section through 
bottom of groove. X 100; d,same. X 500. 
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2. SAND-BLAST TEST 





Me: sand blast is a very rapid and accurate abrading medium. 
fr! the steels tested, however, no great differences were apparent 
Boon them. Practically the same rates of wear were obtained, 
Mm instance, on the same steel when normalized as were obtained 
Hen hardened. It is thought that this apparent lack of sensitivity 
, due t o the fact that the abrading conditions were not sufficiently 
were 10 bring out the inherent differe ences in wear characteristic 
Bthe m aterials tested. This opinion is based upon the fact that 
Merences in resistance to wear between some materials were apparent 
Po blasting pressure of 60 lbs./in.? that were not noticeable at a 
Becire of 30 lbs. /in. s 









3. BRINELL TEST 











ries of carbon steels varying from 0.08 to 1.29 per cent carbon 
< iested in the normalized, annealed, and hardened conditions. 
Me results of these tests showed that the resistance to wear of these 

ls in this special type of test was dependent upon the hardness. 
siudy of the effect of tempering temperature upon the wear showed 
bsame trend; that is, the resistance to wear increased with the 








i@ss. 
The effect of grain size upon the resistance to wear was studied by 
ing 2 0.20 per cent and a 0.76 per cent carbon steel annealed at 
fous te mperatures. An increase in temperature of annealing 
Buited in a general increase in resistance to wear, as evidenced by 
eecreased loss of weight, this being more marked in the low-carbon 
han in the high-carbon steel. 
\ study of the mechanism of wear or abrasion showed that grains 
steel were not torn off in their entirety, but were worn away 
ll particles, the abrasion being accompanied by severe local 




















VI. SUMMARY AND CONCLUSIONS 








devices for testing the resistance of metals to abrasion 
udied—the ball mill, the sand blast, and the Brinell machine. 
pThe ball mill proved to be very unsatisfactory, only qualitative 
ts being obtained. Generally speaking, this type of test showed 
dened steels to be somewhat more resistant to abrasion than 
same steels in the normalized condition. 
The sand blast proved to be a very rapid and accurate abrading 
edium, but failed to differentiate between many steels which were 
own to have widely different wear characteristics in different 
nditions of service. This apparent anomaly seems to be due to 
act that the abrasion was not sufficiently severe to bring — t] 











ne 
nees in resistance to wear inherent in the steel and hows 
nelusively that slight modifications of test conditions will give 
erent results on the resistance of different materials to wear. 
The Brinell test showed that the resistance to wear of normalized, 
Dnealed, hardened, or tempered carbon steels increased with an 
in hardness. Increasing the temperature of annealing 
ited in a slight increase in resistance to wear, the increase being 
marked in a low-carbon than in a high-carbon steel. 
Abrasion in this last type of test is caused by the wearing away 
i exposed sections of the individual grains and not by the removal 
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of the grains in their entirety. The abrasion is accompanie; 
severe local straining due to cold working. 

As slight variables in wear testing have been shown to give diffe 
results, 1t should not be expected that wear-resistance tests ma 
machines of this type will necessarily check special service conditiy 
where many variables are encountered. 
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IMPROVED VICTOR-MEYER MOLECULAR-WEIGHT 
APPARATUS ! 


By Mildred M. Hicks-Bruun 


ABSTRACT 

‘he Vietor-Meyer molecular-weight apparatus for determining vapor density 
nodified to permit measurements at two pressures, one atmosphere and one- 

fatmosphere. By using Berthelot’s method of limiting density most of the 
ects of departure from the perfect gas laws are eliminated. Experiments with 
drocarbons gave molecular weights differing from the theoretical by the follow- 
> maximum deviations: Benzene, 16 experiments, 0.2 per cent; hexane, 4 
eriments, 0.24 per cent; naphthalene, 4 experiments, 0.06 per cent. 


CONTENTS 


J. Introduction 

J. Apparatus and procedure 

]. Caleulation of the molecular weight 
tesults with hydrocarbons-_--_---------- 


I. INTRODUCTION 


The Victor-Meyer method for molecular-weight determinations in 
e vapor state, as ordinarily carried out, involves the assumption 
the vapor obeys the Boyle and Avogadro laws at the temperature 
the experiment. Since this temperature is seldom very much 
ve the normal boiling point of the substance, the departure from 
le gas laws is by no means inconsiderable. 
MacInnes and Kreiling ? have shown that this source of error can 
‘removed by calculating the molecular weight from the Berthelot 
uation and the critical-point constants of the substance and that 
fren this is done the accuracy of the method is very materially 
hproved. 
For practical purposes, however, this procedure suffers from the 
advantage that in no actual case will the critical-point data be 
bown, if the molecular we ight is unknown. The obvious method of 
noving this difficulty is to make use of Berthelot’s method of limit- 
g density by carrying out the measurements at two pressures. This 
per describes an ‘apparatus and technic by means of which this can 
‘conveniently accomplished. 





tudy was watitedineh in connection with an investigation on ‘‘ The Separation, Identification and 
tion of the Chemical Constituents of Commercial Petroleum Fractions”’ listed as project No. 6 
an Petroleum Institute research. Financial assistance in this work has been received from a 
of the American Petroleum Institute donated by John D. Rockefeller. This fund is being 
tered b y the institute with the cooperation of the ¢ Yentral Petroleum Committee of the National 
rea Counci 


laclones and Kreiling, J. Am.’ Chem. Soc., 39, p. 2350; 1917. 
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It. APPARATUS AND PROCEDURE 


A method for using reduced pressure in determining the Vat 
density of substances which have high boiling points and w hich 4, 
decompose at high temperatures, has been developed by Li Inge iy 
Neuberg.” Their procedure was to measure the volume of air ¢ 
placed by a definite mass vaporized at a known temperature and p) 
sure. No application of this work to the determination of molec 
weights was made at this time. However, later applic ations he 
been made, notably by Ramsay and Steele,‘ whose work will be 
cussed later in this paper. 

In the present work, the objective is to determine molecular weivh; 
both accurately and rapidly, and without the use of the critical ¢ 
Kor this purpose two complete measurements are necessary. (Op 
made at one atmosphere and the other at one-half atmosphere 
apparatus used is a modification of the Victor- Me ver type. It 
designed to gain compactness of form, thus avoiding the well-k 
difficulties of local t temperature differences which result from 
length of the vaporizing chamber. 

However, a short vaporizing chamber greatly increases the posi 
bility of errors resulting from diffusion of the vapor, which may cu 
dense in the adjoining burette. Diffusion is particularly liabl 
occur when the experiment is being carried out under reduced 
sure. This possibility has been practically eliminated in the 
ig unit shown in Figure 1. 

The vaporizing chamber is about 40 em in lengih, ale 
outside diameter, and has a capacity of approximately 1 lite 
made of heavy-walle lled pyrex glass. It consists of an inner tains F 
of 10 mm outside diameter, surrounded by a series of bulbs o! 
secutively diminishing volume, J to G. The connections betwee 
bulbs are tubes 11 mm in diameter, which PSbbies & Arrow gas pis 
age between the bulbs. A quic k, jerky displacement of the : 
which may result from the sudden release of the vapor in a single 
unrestricted vaporizing space, is thus avoided. The volume of th 

apor formed by the sample is considerably less than the volun: 
bulb J. Ifa portion of the vapor should diffuse out of this bulb, 
would obviously be greatly diluted in the succeeding bulb, and th 
cfiue at air from G should be free from the vapor. 

The tube inclosed by the vaporizing chamber ends about 3 cm abor 
the bottom of bulb J. It projects through a ring seal at the top ¢ 
(, and is flared with a shoulder C. It has an en! arged opening, whic 
is fitted with a ground glass stopper B for convenience in introducin 
ihe bulb containing the sample. 

Two tungsten wire leads (diameter about 1 mm) are sealed throug 
the stopper B. These are accessory to the breaking appa 
‘wo designs of breaking apparatus have been employed. They am 
shown in details 1 and 2 of Figure 2. Both are mde of brass and wi 
fit gp inst ‘ly (allowing for expansion) into the inner tube FE. U 
‘itted into a cork ring, which rests on the shoulder, C, and is use 
ihe stopper B. It extends about 2.5 em below tube, £, and 1s pe! 
forated with 3 mm openings. The sample bulb is introduced throug 





Lunge and Nenberg, Ber., 24, P. 729; 1891. 
‘ Ramsay and Steele, Z. phys. Chem., 44, p. 348; 1903, 
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threaded plug at the bottom. The plunger, //, rests on the bulb 
\ sieel weight, D, is suspe nded by a suk thread from a 0.5 ampere fuse 
ire across the tungsten leads A. 
small electrical current is passed 
brough these leads in order to 
elt the fuse wire and release the 
ig ht, D. Theimpactof J on the 
neer, Hf, shatters the capillary 
» of the bulb and allows the 
enor to escape. 
The ilternate design 2 is used 
ithout the ground- -glass stopper B. 
is Inst serted through a cork stop- 
ch is fitted under flange V. 
placed in the opening, C, 
vith dekKhotinsky 
plunger, H, is con- 
vy arod at the upper end, 
i which passes through the 
P and the double flange 
he flange is made vapor tight 
special packing of asbestos 
and graphite. The plunger is 
ted by turning 7’. 
iple buib is made from 
ss tubing 4 mm in di- 
id of caleulated length. 
is drawn down to a small 
tube. <A fine scratch is 
out 8mm from the end of 
capillary. The bulb is weigh- 
and then filed with the sub- 
To accomplish this, one of 
capillary ends is immersed in the 
nee (in liquid form) and slight 
applied to the other end. 
bulb must have sufficient 
ength and contain enough vapor 
‘e to withstand the pressure 
on expansion of the sample 
hen it is brought to equilibrium 
perature within the vaporizing 
Before sealing the ends 
bulb, the air remaining in 
he space left. for expansion is dis- 
d by vapor from the gently 
ated substance. The capillary 
ends are then sealed in the tip of an 
oxy-gas fla ame. The bulbis weighed FiecurE 1.—The vaperizing 
again and the weight of the with breaking apparatus 
iple is obtained by difference. —_ (1) Shown in position. 
® bulb is then placed in the 
breaking apparatus, which, in turn, is adjusted to position in the 
vaporizing chamber. 
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The vaporizing chamber is surrounded by an oil bath, which is kx 
within 0.05° C. of the proper operating temperature by an inclod 
mercury-in-glass thermostat. Uniformity of temperature is ings 
by vigorous mechanical stirring. The bath is maintained 
temperature at least 50° C. above the boiling point of the substy 





eee 2 
# 


= 





























Figure 2.—The breaking units 


to be vaporized. The constancy of the temperature control maj 
be checked by treating the apparatus as a constant pressure £% 
thermometer. 
The volume of the vaporized sample is obtained by measuring, 
room temperature and a known pressure, the volume of air which! 
displaces. The technic and assembly of the manometric apparatt 
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bployed are identical with those used by this bureau ® in gas analysis, 
th the exception that the manometer is made longer and prov ided 
h an additional platinum contact to facilitate measurements at 
tmosphere. Provision is also made for partial evac uation of the 
aratus and for filling it with nitrogen instead of air in cases where 
bcking or oxidation of the substance is to be feared. 
The capillary outlet from the vaporizing unit is adapted to the 
mnecting tube of the measuring system by means of a ground-glass 
int sealed with a lubricant which will withstand high temperatures. 
flexible glass coil, of thin walled, soft glass tubing about 2 mm in 
ameter, 1s pls aced between the joint and the manometer stopcock. 
jis expansion coil permits connecting the rigidly fixed burette to 
e Vapol izing unit. 
The technic employed in a complete operation is as follows: The 
puple bulb, which has been placed in the apparatus as previously 
scribed, is allowed to remain in position until eee geriongaerie equl- 
rium (about two minutes) is established throughout the chamber. 
ing the interval of time allowed for this to take place, adjustments 
e made in the measuring system to establish equality of pressure 
oughout. When equilibrium has been attained and the pressure 
lance established, the barometric reading is recorded (for atmos- 
beric pressure) and the compensator is closed. The bulb con- 
ini The stopeocks and leveling 
lb of the burette are adjusted to allow the mercury level to fall 
wly, and the air displaced by the vaporized substance to flow over 
to the burette. Care is taken to prevent a sudden rush of air and 
iting inequalities of pressure which may cause diffusion of the 
por and consequent errors resulting from condensation. When 
ve is no further displacement apparent, time is allowed for the 
uperature equilibrium in the burette to be reestablished. The 
esure is again adjusted to the known pressure of the compensator. 
he volume and temperature of the air in the burette are recorded. 
For the measurement made at the lower pressure, the above pro- 
dure is repeated except that the pressure balances are established 
0.5 atmospheres by partially evacuating the apparatus at the 
ciming of the determination. 


III. CALCULATION OF THE MOLECULAR WEIGHT 


The Berthelot equation for limiting density, rearranged to give the 
decular weight, is as follows: 


1+ Ap) (1) 
here M is the molecular a R is the gas constant, and A is a 
ilicient which represents the deviation from the per fect gas laws. 
le experimental values for m (mass), 7’ (temperature in degrees 
Solute), p (pressure in atmospheres), and v (volume) are first sub- 
tuted from the data obtained in the series of observations at ap- 


shepherd, B, S. Jour. peerg 4, p. 3: 1930, 
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proximately one atmosphere and in the series at approximately 
atmosphere pressure and the resulting equations added together }} 


DiRT, 


Pp? 


(1 { Ap; 


DRT, 


> (1+ Ap,)=R 


(1 + Aps) + 


Ne ack te by : 
2p DsTs Pats 4 (DT. 4+- Doty + Dl, 


3 n 


- D),, fh ) 


which has the form: 


M: ; R(C, { C,A) 3 | 
Likewise the equations for 0.5 atmosphere may be reduced to: 


M = R(C’, + CA) 


The value of A so calculated is now substituted in equation (1 
the molecular weight is calculated for each determination. 

In the above calculation it is assumed that the vapor density is 
linear function of the pressure, or rather, that the straight line throw 
the plotted determinations at one and at one-half atmosphere pas 
through the correct value of the limiting density for zero press 
This is not strictly true. The magnitude of the discrepancy is, hol 
ever, small as can be shown by an examination of the data obtained} 
Ramsay and Steele.® 

These investigators determined the vapor density for a numb: 
substances at a series of pressures ranging between 40 and 750 m 
of mereury. The molecular weights obtained from their data J 
means of a linear extrapolation through the points at one and at on 
half atmosphere are close to the true molecwar weights, although! 
im general, as close as are the values obtained by extrapolating ¢ 
actual curves through their observed points. The discrepancies 
however, small in both cases, and are within the experimental ei? 
of the technic of the present method. These comparisons are s)0' 
in Table 1. 





6 See footnote 4, p, 576, 
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Comparison of molecular weighis obtained by different methods f 
Ran say and Steele’s measurements ! 


Molecular weight | Molecu- | 
aera Pom Pe r cent ‘lar weigbt! Per cent | 
By sraph.| differ- | by! inear | differ- | 
True tray < ence extrapo- ence } 
ane 2s (b)-(a) lation | (c)-(a ‘a 


Molecular \ veight fro 
s laws (d) 


74. O77 73.95 R 73. 75 | . 42 | 74 Sd at p=605 m mn 
32. 031 32. 03 . 003 31.97 | , | 32.264 at p = 517 
78. 046 78. 15 t. 13 éé.% | .15 | 79% 7latp= 
114. 14 114. 57 .3 R +. 30 | 118.84 at p = 575 mim. 
86. 108 86.03 —. OY 85, 85 me 88.05 at p = 607 m 
114. 14 114. 19 +.03 | 113.8 . 26 | 118.59 at p = 565 
92.062/ 92.46! +.43 91. 86 "1 | 93.95 at p = 671 mm... 
i Steele, Z. phys. Chein., 44, p. 348; 1903. 


largest differences resulting from the use of either method of 
lation are approximately 3 parts in 1,000, while those result- 
om the direct application of the ideal gas laws are of the ord 
to 4 parts in 100. 


IV. RESULTS WITH HYDROCARBONS 
this investigation the molecular weight has | 
ne, synthetic n-hexane, ® 
halene.? 


een determined 

n-hexane from petroleum * and 
sets of results are given for the n-hexane from petroleum as 
nown to contain carbon dioxide, water, and other impuritie 

the first measurement no purification of the 


sample was made. 
the second measurement the 


varbon dioxide was removed by 
the substance to the boiling point, under reflux, and bubblin 
hrough the liquid. For the third measurement the hexane w 
led from metallic sodium to remove the water. 
correction for the liquid volume of the sample was made. 
2 oa small correction for the vapor space left in the _— 
ound to be of app xroximately the same size as and of oppo: 
to the one for the dissolved air in the sample (0.08 per cent tor 
). These were considered to cancel each other. 
rected ad vacuum. 
2 shows the 


The weights 


values for the calculated molecular 

} ar 1; fara ‘pK f>. Tt ] nd » ) lee ils nd rat rh 
tneir differences trom the true molecular weight. 
for the coefficient A for benzene is 0.0244. The 
‘om the critical-point constants, 1s 0.0224. 
and 4 give the experimental molecular 
synthetic n-hexane, 
value found for the 


weight 


1 v 
lat od fi 
> 


ables 3 weights for 

halene, and the n-hexane from petroleum. 
coefficient A for naphthalene is 0.00823. 
naphthalene is subject to decomposition, its critical temperature 
| sure are UNKNOWN. 


ide) was treated wi “e concentrated H SO, and subsequent] 
t was recrystallized and then distilled from metallic sodium. It ha 


nan Koda kC ve index, 7 1.376. 
lu J sarch, 5, October, 1980. 


e) sublimed and recry stallized, Freezing range jess than 0,2° C, 
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Molecular 


from measure- 
ments at | 
atmosphere 





TABLE 3.— 


Experimental 
molecular weight 
’ | 


a 1 
ior Cj0big 


128. 02 

128. 00 

128. 00 

128. 00 
Mean = 128. 00 


weight calculated 


| Average dev 


M 
Per cent difference 


from true value | 


— .08 
iation, 
0.10 per cent 


| Maximum 


tion, 0.19 pe 


Per cent difference | 
from true value 


sy 


. 06 
. 06 
. 06 
Average and maxi- | 
mum deviation, 
0.06 per cent 


weight calculated 
from measure- 
ments at 0.5 

atn 


Mean = 738. 01 


Experimental 
| molecular weight 
| for CeHis | 


Mean =86.23 


TaBLE 2.—Ezperimental dala for molecular weight of CoH, 


olecular 
Per cent difference 
from true value 
78.046 
1osphere 


| 

77. 93 

78. 07 

77. 95 12 

77. 99 . 08 

77. 96 Pe | 

78. 13 .10 

77.97 . 09 

78. O7 + .03 

Average deviation, | 

0.09 per cent. 

Maximum devia- 

| tion, 0.15 per cent 


0.15 
. 03 





Experimental data for molecular weight of CywHs and synthetic (,; 


Per cent difference 
from true value 
86.108 
nthetic 


86. 26 
86. 32 
86. 18 
86. 15 


+0. 17 
- 24 
. 08 
. 05 
| Average deviation, 
| 0.14 per cent; maxi- 
mum deviation, 
0.24 per cent 





TABLE 4.—Ezperimental data for “ 


n-hexane from petroleum” 


{[Purity, about 92 mole per cent] 


[Showing the effects of dissolved moisture and carbon dioxide] 


p< 


Experimental 
| molecular weight 


| before removing 
CO:2 and H20 


84. 61 
84. 49 


Mean =84., 55 





Experimental 
weight 
CO: 





85. 42 
85. 47 

Mean =85. 45 
Increase = 1.07 per cent 


molecular 
after removing 


molecular 
removing 


Experimental 
weight after 
CO: and H20 


85. 58 
85. 61 
Mean=85. 60 
Increase =0.19 per cent 





The mean precision which this apparatus has been found to give 


is approximately 3 parts in 1,000. 
weight obtained is about 2 parts in 1,000. 


The accuracy of the molecular 


The maximum deviations 


and the difference between the mean experimental value and the tru 
molecular weight of benzene are shown in Figure 2 by lines draw 
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ough a plot which has been made of the 16 experimental values 

Bhiained. ‘The greater discrepancy (6 parts in 1,000) in the case of 

H final results for the n-hexane from petroleum is attributable to 
urities which were known to be present. 


i 





TRUE M.W. OF CoHe 





MEAN EXP VAL. 


Fiaurr 3.—Plot of experimental values for the molecular weight of benzene 


The white-centered circles represent the values obtained from measurements at 0.5 atmosphere. 
This research was conducted under the direction of E. W. Wash- 
m to whom the writer is greatly indebted for guidance throughout 
fis work. 
WasHinatTon, April 25. 1930. 
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2. Prolonged loading tests 
(a) Specimens__ 
(b) Test procedure 
(c) Results__ 
VI. Cleats 
VII. Summary 


I. INTRODUCTION 


The value of a sheet-metal roof in protecting a building from 
destructive agencies of the weather is dependent in great measu: 








Fibbhed or Batter Seams 


es 





Standing Seam Double Lock Single or Flat Lack 


gsokder 7, SOMES, solder 
ae. 
LE HE =a —er sot 
Usual type Fretinned tyoe 
Soldered Flat Lock Soldered Lap 


FIGURE 1.—7 pes of seams suitable for copper roofing 





the character of the seams Er join thesheets. With copper roofin 
chosen primarily for long life, it is essential to secure durable weat! 
proof seams. Most of the various types of seams which experic! 
has demonstrated to be suitable for copper roofing give unifor 
satisfactory service. With some types, however, difficulties 
occasionally experienced. Often these difficulties can be attribut 
to improper construction, but sometimes they can not be read 
explained without a more complete knowledge of the properties of th 
seams. It is the purpose of this investigation to provide the addi 
tional data needed. The inves tigation is part of a study of coppe 
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Sofing problems conducted by the Copper & Brass Research Asso- 
sion and the National Bureau of Standards. 
The seams commonly used for copper roofing are shown in Figure 1. 
ich type is to be chosen in any particular case depends on the 
ion of the roof. The loosely locked types which very rarely cause 
ible are suitable only for fairly steep, freely draining surfaces. On 
arly level roofs and in gutters, where water may collect to an 
ypreciable depth, either calked or soldered seams are required. Ii 
e appearance of the roof is important from the architectural stand- 
bint, then the form and arrangement of the seams must be taken 
to account. 
{wo other considerations must always be kept in mind in any dis- 
ission of seams. First, it is essential that proper allowance be made 
t the seams for the expansion and contraction of the copper sheets 
Rulting from temperature changes. Otherwise the seams may be 
piiected to excessive stress and injured to the extent that their 
sistance to the weather is destroyed. Second, some means must be 
wvided for attaching the sheets to the supporting roof structure. 
Heats, as shown in Figure 18, consisting of bent pieces of copper with 
e end hooked into the seam and the other end nailed to the roof, 
ive been found to be the best means of attachment for copper roofing. 
leats improperly made or poorly placed may be the cause of damage 
)seams. 
' lor reference, a comparison between the gage number and the 
pminal thickness of sheet copper, for the gages mentioned in this 
hiper, is given in Table 1. The gage number is defined by the weight 
the sheet in ounces per square foot. Sixteen-ounce copper is the 
we most often used. Lighter gages are not satisfactory for roofing 
purposes, 


TABLE 1.—Gage number and thickness of sheet copper 


Nominal 


Gage No. (in ounces per square foot) thickness 


Inch 
0. 0189 
. 0216 


II. RIBBED AND STANDING SEAMS 


+] 
, au 


Ribbed or batten seams may be made in several ways, two of which 


istrated in Figure 1. Since these seams will leak if standing 
1 vater, they can be used only on roofs of considerable pitch. 
/0 prevent interference with free drainage they are always laid in a 
urection perpendicular to the eaves. Ribbed seams make adequate 
owance for temperature changes as the sheets are free to expand or 
vutraect slightly at the base of the ribs and also in the loose locks at 
¢ top of the ribs. This type is best suited for large structures 
‘ere appearance is of great importance. 

txperience has shown that ribbed seams give satisfactory service 
ud, therefore, no tests were necessary. 

rhe standing seam (fig. 1) is cheaper and, therefore, used more 
viten than the ribbed seam. Like the ribbed seam, it is suitable only 
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_— fai irly steep roofs, and must be laid perpendicular to the ex 
anding seams should be neither soldered nor riveted for the al 

tional restraints imposed are apt to result in unsightly bucklins 
the sheets and, in extreme cases, tearing or cracking. An exami 
of what may happen when standing seams are riveted is show) 
Kigure 2. 

No tests were made on standing seams, since they give rise ty, 
troubles if made according to recommended practice. } 


Itl. FLAT SEAMS, DOUBLE AND SINGLE LOCK 


The open double-lock and single-lock seams (fig. 1) are used for th 
cross seams between ribbed or standing seams, and, in general, » 
steep slopes where there must not be any obstruction to the free {iy 
oi water. Obviously, they are unsuitable for places where water 1 
be standing on the roof because the water will gradually seep throw: 
the locks. These seams are very rarely subject to injury due to te 
perature changes, since there is ample allowance in the locks for slivy 
elative movements of the adjacent sheets. 

The lame seam is not often used, chiefly because there 9 
cix thicknesses of metal in the lock. It is therefore very difficult; 
ecure a good joint where one seam meets another at right ang) 
he single lock, co mmonly called a flat-lock seam, is free fron 

vbjection and is also more economical of material. 

No tests were made on these open-lock seams for they rarely cau: 

any dilionltens, 


IV. CALKED SEAMS 


alk ed seam is made by coating the edges of t he she ats to be joined 
hick paste of white lead and linseed oil and then forming « 
if prope rly made, tone seam is complete ly filled with t he W 
The practice of calling flat-lock seains was quite comm 
ears ago, but has d lied out to a great extent al prese nt. Poss 
{ dirty job of mixing the dry lead with the oil : 
shout the more extensive use of solder t 
The white lead in paste form can now be p 
that this objection is no longer of any momei 
possess several advantages. They can be used 
pat and other places where the ordinary lock s 
Cc pared vith sold ‘ed “iene Ss they are ches 
ni 1 les s likely to be damaged by temperatt 
se ane con nection between the sheets is not so ri 12 rid | ind 
sight amount of relative movement is possible 
Althouch ecalked seams have proven ‘naam on numerous 
ings, the State House in Boston being a notab le ex: unple, a nee 
been felt for some quantitative measure of their proof against leak: 
\ecordingly, tests were made to determine the head of water whic! 
ealked seam can 
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Diagonal buckling and tearing of copper due to riveting of 


standing seams 


FIGURE 


row of sheets in the center of the photograph lies directly over an expansion joint in the concrete 
f. If there had been no rivets, a large part of the movement caused by temperature changes 
ld have been taken up by slipping of the sheets relative to each other in the seams. This 
Note the excessive buckles running diagonally across 
The copper was torn at the rivets at all 


ping was prevented by the rivets 
sheets, one of which is indicated by the arrows. 
lark spots (as at S). These,spots are patches applied to stop leaking. 
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Fiat RE a Roof SPectmels with new calle ‘rd sSé€qains for 


leakage tests 


Upper view shows specimen from beneath. Sheathing cut away at 
A to expose lower surfaces of seams S. Lower view shows top of 
specimen. 
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Miaure 4.—Sections of a calked seam removed from a building in New 


York City afier many years of service 


per piece shows under surface of seam with traces of white lead near center. Lower piece 
shows upper (exposed) surface of seam. 
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1. LEAKAGE TESTS 
(a) SPECIMENS 


Leakage tests were made on two specimens with new seams, and 


on one old seam. 
[wo views of specimen No. 1 are shown in Figure 3. It consists of 
_yoof section about 36 inches long by 26 inches wide covered with 
is-ounce copper. The seams are half-inch flat lock calked with 
white lead paste containing about 8 per cent of linseed oil. The 
opper was secured by cleats spaced about 9 inches apart. The 
sheathing under the copper was cut away, as a nat Aon the upper 
view in the photograph, to expose the lower surfaces, S, of the seams 
» that any leaks might readily be observe “a 
— No. 2 was similar in all respects to No. 1, except that the 
ite lead paste contained about 15 per cent of linseed oil. 
Specimen No. 3 was a sample selected from a number of a of a 
m removed from a building in New York City after many years of 
ice. Two pieces of this seam are shown in Figure 4. The smailer 
shows the appearance of the under surface of the seam; traces 
the white lead can be seen at the middle of the piece. ‘The larger 
ction shows the upper or exposed surface. Note how inconspicuous 
mis. The sample selected for test was one which appeared to 
ve er no injury during removal. ‘The age of the seam and 
; composition of the white-lead mixture are not known. 
3 +h specimen was mounted in a sheet metal tank, 13 inches deep, 
that the specimen formed the bottom of the tank. 


(b) TEST PROCEDURE 


On the new seams, specimens No. 1 and No. 2, the order of tests 
follows: Leakage test; artificial aging; leakage test; check 
kage test. On the old seam (specimen No. 3) one leakage test was 
ade 
In the > test for leakage the specimens were first subjected to a head 
The head was then increased at 
tervals of oni pies sail leaks appeared or until the head was 
mches. 
The artificial aging process consisted of 57 cycles of alternate hea 
and cooling. The specimens were placed in a large heating 
, and cach morning were heated for - o hours until the 
in the chamber was about 110° F. above room temperatur 
hunber was then opened and siiled to room temperatur 
‘hours. The specimens were again heated and ‘le ft in the closed 
mber to cool very slowly over night. The average temperature 
hunge for each cycle was 110° F. The maximum temperature reached 
220° F. and the minimum 70° F. 


temp 


(c) RESULTS 


er results of the tests are given in Tables 2, 3, and 4. In column 


7 
664 va , 


Tab les 2 and 3 wherever the rate of leakage is noted as ‘“‘trace 

‘slow,’ ’ the leaks were so slight that they probably could net have 
been detected on an ordinary roof with wood sheathing. Leaks 
listed as ‘‘fast”’ would probably have been evident under similar 
— but in no case could they have been described as bad 
eaks, 
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Table 2 shows that only two very slight leaks appeared on eac}, 
the new specimens in a week under a head of 12 inches. This dep 
is far greater than any which would ever occur on a properly desig; 
roof. In both cases these leaks were so slight that they could not h 
been detected in a building. In fact, on specimen No. 1 (8 per cay; 
oil) both leaks soon disappeared and no other appeared i tl 
fourth day. 


TABLE 2.—Leakage tests on new calked seams 


Specimen No. 1. WHITE LEAD WITH 8 PER CENT OF LINSEED OIL 





re 


Total 
=e ee ee time | Number ue 
Depth of water (in inches) under | of leaks Location 


water 








Days 
7 None. 
6 None. 
5 None. 
None. | 
None. |--- 





Cleat. 
-| Seam junction. 








None. 2 





Specimen No. 2. WHITE LEAD WI" 





Seam junction 
| Seam junctions 





1 Rate of leaking specified as follows: Trace, wet spot on under surface of seam; slow, water dripping 
at long irregular intervals; fast, water dripping steadily, less than 5-minute intervals. 
? Seam junction refers to a place where a cross seam connects with a longitudinal seam. 


TABLE 3.—Leakage tests on new calked seams after artificial aging 


Specimen No.1. WHITE LEAD WITH 8 PER CENT OF LINSEED OIL 





Total 
time | Number 
under | of leaks 
water 


Depth of water (in inches) 








Days 





None. 
None. | 
None. | 
None. | 








THe COR WO Wwe 


5 | ii a enerees 





1 Rate of leaking specified as follows: Trace, wet spot on under surface of seam; slow, water drip} 
at long irregular intervals; fast, water dripping steadily, less than 5-minute intervals, 
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ep 3.--Leakage tests on new calked seams after artificial aging—Continued 
AB 0. 4 ‘ 


SPECIMEN DRIED FOR ONE WEEK AND RETESTED 


| Total 

eee ar eee | time | Number | Location 

Depth of water (in inches) | under | of leaks | 
| 








None. 
None. 
None. 





Specimen No. 2. WHITE LEAD WITH R CENT OF 


None. 


Cow 


i) 


— Cow 


| Cleat. 
Seam junc- 
tion. 


-_ 











None. | avs 
None. | 


| Seam junc- 
tion. 
Cleat. 
Seam junc- 
tion. 
Cleat. 
Seam junc- 
tion. 
Cleats. 





TABLE 4.—Leakage test on old weathered calked seam 


SPECIMEN NO.3 


| { 
Total time | Number || nepth of water (in inches) 
under water; of leaks | 


Total time | Number 


epth of water (in inches) under water! of leaks 





None. 
None. 
None. | 
None. 


mex. 


1] 


| | Days 
7 | 
| 


During the tests, some of the white lead leached out of the seams 
n both specimens Nos. 1 and 2 in the form of a fine, white powder. 
The relative amounts of the sediment on the twospecimens could not 
be accurately measured, but it was quite evident by inspection that 
ess powder was formed on specimen No. 1. This would indicate a 
licht superiority of the white-lead paste with 8 per cent of linseed oil. 

The only visible effects of the artificial aging process were the dis- 
coloration of the white lead, which turned a light yellow color, dark- 
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[Voi 5 


ening to bro wn in patches, and a few very small surface cracks in { 
white lead. Ou herwise the seams appeared to be unchanged, and t] 
D] ible buckling or other distortion of the copper shee; 
aging greatly impaired the water-tightness as 
in the first test after aging, on specimen No, | 
slight leak appeared under 4 inches of wate 
recimen No. 2, 15 per cent ou, three slight leaks unde 
‘ater. After this test the specimens were dried in the labo, 
for one week, and then retested. Specimen No. 1, this tine 
only three slight leaks during 18 days under 5 inches a 
Phese leaks did not increase in four days under 6 inches of 
specimen No. 2 five leaks developed in four days under § 
er. QOne of these probably would have been suff 
ordinary roof sheathing. These tests show that ! 
itl r cent of linseed oil, as used on specimen 
J 15 per cent of linseed oil. 
no all of the leaks occurred either at cle; 
at seam junctions; that is, places where 
eams meet. 


rm 


4 C173 1 
Lat Witn 


: . 
the cross and Jon; 


The artificial aging can not, of course, be considered as diverts 


i 

‘omparable with the aging which takes place on aroof. In one res 
the test was more severe than actual service conditions for the 
temperatures were 50° to 70° M1 higher than any which would 
oceure on a roof. Nevertheless, n after this severe treatment, 
seams calked with white lea d et containing 8 per cent lins 
were still satisfactory, for only under very extreme conditions w 
be likely to reach a depth of 4 inches. 


j ‘ 17 ‘ 
sts of the old weath ed seam, specimen No. 3, Table 4, 
| , 


‘in that no trace . leak could be detected even alti 
der a head or 12 1es of water The results indicate thet 
eis not likely to im ‘p sair the water-tigh tness of calked se 

ths 


the specimen had been large « nou! 
netion or a cleat, some slight leakage mi ight hi 
nese plac es 


ub 


oncluded that seams calked with white lead 
oil will give satisfactory service wherever the depi! 
‘oof for several days will not exceed 4 in 
od that the seams will leak under depth 
the water drains off in a few hours 
SOLDERED SEAMS 
Soldered seams (fig. i) are intended for roofs of very slight 
for gutters, and, in general, for places which may be flooded 


water. ‘The soldered flat lock is the more common tharos as if 
mits the use of cleats for fastenings. The lap seam is used w! 
leats are not needed or sine it may be difficult to ida a flat loc! 
Proper allowance for the effects of temperature changes is m 
dificult to secure with soldered seams than with other types, as there 
can be no relative movement in the seams between the adjacent sheet 
Adequate roof fastenings, carefully placed, are essential for best. re- 
sults, and specia! expansion joints | are sometimes desirable. The 
eams themselves must be strong enough to withstand the stresse 
caused by temperature ‘ch ranges. “When failure occurs, it is generall} 
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due to insufficient strength of the seams; the solder cracks and the 
oof begins to leak. 
1. TENSILE TESTS 

The purpose of the tensile tests was to determine the influence of 
various factors on the strength of soldered seams. The fac tors taken 
nto consideration were: (1) The kind of flux; (2) the direetion ot 
alling of the copper, (3) the width of lap seams ; (4) ‘the width 
unt) of solder on flat-lock sears, and (5) pretinnine. The effect: 
oi variations in the composition of the solder and in te quality of 
‘ie workmanship were not studied. 


pouINng 


(a) SPECIMENS 
{he tensile specimens consisted of eight sets such as that given in 
able 5. 


TABLE 5.—Set of specimens for tensile tests of soldered scams 


ets of specimens, One with seams parallel and one with seams transverse to the direction of rollin 
{ the copper, were made from each oi tour gages of copper, namely, 14, 16, 18, and 2U ounces! 


LAP SEAMS 


Pretinning 


None 
ao... 
do.. 
f W ith solder 
(With tin 


FLAT-LOCK SEAMS 
Pretinning 


Inch Inches 
None.-- ) 14,1,2 | 
ie "9 | 

Vs, 1,2 


sWith aaliee. : ) 1| 
| With tin ee, ae ean Yn | 1 | 


umber of specimens in set, 100 
i band of solder showing on finished seam. This width is taken as a measure of the amount of 


r used 


The quantities of solder corresponding to the different widths as 
| 
4 


en in the fourth column of the second part of Table 5 were deter- 
nined by weighing representative specimens and deducting the esti- 
nated weight of the copper. The values thus obtained seemed so low 
that they were checked by weighing : specimens before and after 
buning off the solder, and also by weighing the solder scraped from 
yecimens. The results, which checked reasonably well, are given in 
‘able 6. There were variations of as much as 50 per cent from 
pecimen to specimen. 


TABLE 6.—A mount of solder on flat-lock seams 


1 1 
, I 


{solder band (in inches) 2 
0. 04 0. 06 


int ef solder (in ounces per lineal inch of seam). ee. Se eee : 
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Sample seams were made in lengths of 8 inches joining sheets (im ! 
copper about 6 inches wide. The “joined sheets were cut into {oyjmmar® 
specimens each 2 inches wide with the seams crossing the middle 
the specimens. From these, tensile specimens were prepared with 
reduced width of 1% inches over a gage length of 4 inches. All go f 0¢ 
ing was done by the same man under conditions as nearly simila s¢ 
possible. No laboratory refinements of any sort were used, ap 
work was of uniformly high quality such as would be found on ¢j : 
best of copper roofs. 

Pretinning was done as follows: Solder, or tin, was melted in ¢. 
tainers of the requisite size heated by gas. The copper sheets wor 
dipped into killed acid flux to a depth of 1% inches. While os wel 
with the flux, the sheets were dipped into the molten solder, or tiy 
quickly removed, wiped clean with a cloth, and then allowed ah | 
Temperatures were not measured. This procedure is in accord wit) 
shop practice. 

All other specimens were tinned with solder flowed on with 
soldering copper, just as would be done on a roofing job. 

Commercial roofing-temper, soft copper was ‘used. This y r 
electrolytic copper, 99.953 per cent copper by analysis, with 
unduly large proportion of any impurity. The solder and tin well 
purchased in the open market. The solder analyzed 48.8 per ceu 
tin and 50.8 per cent lead; and the tin 99.1 per cent tin. 

The acid flux was made up in the usual way from clean zinc serays 
and hydrochloric acid. Great care was taken to “kill” the sad 
thoroughly. Even so, analysis showed 5.2 per cent free hydrochlorg 
acid in the resulting flux. The “prepared” flux was a commerdil 
article containing about 86 per cent zine chloride and about 12 pea 
cent ammonium chloride. 

Eight tensile specimens of 0.75-inch width and 4-inch gage lengt 
were prepared from each gage of copper. 


Bae 


“0707 


sap 17 WOULTIAS poet btrCQ/ 


th, OF Ss 


Ir FO ,/OF7 


(b) TEST PROCEDURE 


The tests were made in the usual manner on a 20,000-pound testing 
machine with a counterpoise giving a range of 5,000 pounds. 


(c) RESULTS 


The tensile strength of the sheet copper was determined for pu’ 
poses of com pau rison. 3 he results are given in - able 7 ir and ares 
by broken lines on the graphs in Figures 5 to 12, inclusive. 


TABLE 7.—Tensile sire ngth of sheet copper 


7 see 

|} Maximum 
Average | qoviatior IS¢ 
tensile = dit 


|} specimens rom ' 310 


| 

| 

| Number of 

| strength 
} 


, , : Nomins 
Gage of sheet (in ounces per square feet) re il 





| | 

Inch Lbs./in. é 

0. 0189 ‘ 31, 300 2 ou 
. 0216 31, 900 | l 4} 

. 0243 32, 100 | 2 ul 

. 0270 32, 200 l wt 





4 Seams for Copper Roofing 

|. Fuvx.—In Figures 5 to 8, inclusive, each graph shows the com- 
arative tensile strengths of specimens made with resin (circles), killed 
cid (squares), and ‘“‘prepared”’ flux (triangles), with seams parallel 
nd transverse to the direction of rolling. The markedly low values 
foccasional points on the graphs are due to seams with imperfections 
1 soldering, such as bubbles, untinned spots, ete. 
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Strength of cogoer 
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Frepared tux : in 
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Width of lao seam in thches 
Figure 5.—E ffect of flux on strength of lap seams 


Seams parallel to the direction of rolling gf the copper. Each point is an average for four 
specimens 


























There are no differences in the tensile strengths of either the lap 
seams or the flat-lock seams which can be ascribed to the kind of flux 
ed. It should not be assumed, however, on the basis of this conclu- 
ion, that all fluxes are equally satisfactory. All traces of flux can not 
teremoved from the seams after a roof is completed. If the flux is 
orrosive, there is a possibility that corrosion may be started which 
otherwise would not occur. Since equally strong seams result from 
the several kinds of flux tried, it is reasonable to infer that the flux 
which is least corrosive will give the most satisfaction in service. 
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a,j 

2. DIRECTION oF KoLLInc.—As no difference in strength depey(. 
ing on the flux was found, the results for all three fluxes on each typ 

and size of seam were averaged. The average values are poms 01 


ie graphs in Vigures 9 and 10 to show any relation which might eyiy 
between the diree ‘tion of rolling of the copper and the strength of thy 
seams. It is evident from the graphs that seams parallel and trays. 
verse to the direction of rolling are equally strong. 
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GURE 6.—LHffeci of flux on, strength of lap seams 
dire yn of rolling of the copper. Each point is an average for four 
ecimens 


3. Wipts or Lap Szams.—lIn Figure 11 the graphs show the rela- 
tion between the strength and the width of lap seams. Lach point 
represents the average strength of a given width of seam on one gage 
of copper, including seams both parallel and transverse to the direc- 
tion of rolling aa made with the three kinds of flux. 


Specimens with seams which were not as strong as the copper broke 
in the seams. The resul ts for these can be closely approximated on 
each graph by a sloping straight line, showing that the strength of the 
seams increases in proportion to the increase in width of seam. 4s 
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| jy as can be judged, the strength increases at the same rate on 
1 «hicknesses of copper which were tested. 
‘Above a certain critical width the seam strengths are practicall: 
7? . shown by the continuous horizontal lines on each graph. 
1e specimens of seams at approximately this critical width 
e seam and others in the sheet copper itself. Seams of 
» width (1 inch) nearly all broke in the copper. The results for 
ider than the critical width, therefore, ought to correspond 
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to the direction of } 


y closely to the results for sheet copper represented by the broken 
ontal lines. The graphs 


Si a 


show that they doso. The greatest dis- 
repancy occurs on ‘the 14-ounce copper where the maximum strength 
he seams is about 7 per cent less than the strength of the copper 
eet. On the 16-ounce copper the discrepancy is about 3 per cent 
hid on the other two gages less than 1 per cent, the seam strength 
being greater than that of the copper in each case. These discrepancie: 
eprobably due to variations in the copper sheets. 


Oy 
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It would appear that the critical width, thus determined, yoy 
be the width required for roofing seams. This is not the cay 
wil] be brought out later in the discussion of the prolonged load 
tests, for the total time during which a seam is under load must F 
be considered. The results of the tensile tests do show, howers 
that lap seams less than three-fourths inch wide will under ny ; 
cumstances be satisfactory for copper roofing. 4 
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Figure 8.—Effect of flux on strength of one-half inch flat-lock seams 


Seams transverse to the direction of rolling of the copper. Each point is an average for 
specimens 




















fone 


4. WivtH (Amount) or Sotprer, Fuat-Lock Srams.—In Figut 
12 the graphs show the relation between the strength of flat-loc 
seams and the width of the solder band showing on the finished seat 
Note that a large increase in the width of the solder band, corm 
sponding to a great increase in the amount of solder used, result 
in only a small increase in strength. Also note that even with t! 
greatest widths (largest amounts) of solder, these seams do 2 
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nach the strength of the copper sheets, shown by the horizontal 
ken lines. Evidently piling up heavy wide bands of solder on 
t-lock seams to increase their strength is not worth while. A 
ve efficient method is discussed later in connection with pretinning. 
; PrETINNING.—The strengths of lap and flat-lock seams pre- 
ned with “50-50” solder (half lead, half tin) as compared with 
ose pretinned with tin are shown in the graphs of Figure 13. The 
iuning is equally effective whether solder or tin is used. 
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FicurE 9.—Effect of direction of rolling of copper on strength of lap seams 


Each point is an average for 12 specimens 


As the three-fourths-inck lap seams, whether pretinned or not, are 
iproximately equal in strength to the copper sheets of all gages 
ted (fig. 11), the effect of pretinning can not be shown graphically. 
owever, 30 per cent of the specimens not pretinned and only 11 
t cent of the pretinned specimens failed in the seam, indicating 
uit the pretinning does result in greater strength. The increased 
iength is due to the greater uniformity and the more thorough 
uuon of solder, or tin, to copper obtainable by pretinning. 
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On the flat-lock seams a very great increase in strength rp 
from pretinning, as shown in Figure 14. With pretinning 


possible to obtain complete union between all the layers of coy 
n the seam, whereas in the flat-lock seam as ordinarily made wit) 

ly two of the layers are completely joined. See Fip, 
is a decided failing off of the strength of the pretiny 


pretinning only 
i. There 


on the 20-ounce copper. 


ee ee ee 

















Srrenglhr of copper 


— Seams paratte/ to rolling 
Seams trarsverse to rolling 
2 Vp / 


4k . 
i, Fe eae ee ee 
Width of solder hard i wriches 





fject of direction of rolling ef copper on strength of 
flat-lock seams 
Each point is an average for 12 specimens 
incomplete joining of the solder. In all probabilit 
of the greater thickness of these seams, enough heat W: 
not supplied by the soldering copper to melt or ‘flow”’ the solder. 


These results are of great importance as concerns copper roofil 
soldered flat-lock seams are practically always used for flat rool 


and gutters, and usually they are not pretinned. These seaill 
probably give more trouble than all other types combined. ? 


(inning, even if it will not completely solve the problem, very lik 


[Wa 
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Examination of these speci; 
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‘| eliminate most of the trouble. The main point is that lock seams 
hic -h are completely filled with solder are much stronger than those 
jade in any other way. 

2. PROLONGED LOADING TESTS 


It has been observed that cracks sometimes appear in the solde 
teams which have been perfectly satisfactory for one or more years. 
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Frieure 11.—Effect of width of lap on strength of lap seams 


Each point is an average for 24 specimens 


he results of the short-time tensile tests furnish no clue to this be- 
avlor of seams. However, it has long been known that solder will 
bw or ““creep’’ under the continued action of a loed not large enough 
)cause immediate failure. If the load is sufficiently large, the flow 
ill continue until the solder fails. Solder in a joint or seam behaves 

i similar manner. Previous work has been concerned with 


See, for example, “Tensile Properties of Soldered Joints under Prolonged S8tress,’’ Vieukian ated Quick, 
be Metal Ind., N. Y.; January, 1926. 
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specially prepared specimens not at all representative of seams q 
as would be found in a copper roof. The tests to be described wo 
undertaken in order to obtain data on seams made according to y, 
ing practice. 
(a) SPECIMENS 

The specimens consisted of copper strips 2 inches wide and 12 jn¢h, 
long with a transverse seam at the center. For the one-fourth y 
one-half inch lap seams, the full width specimens were tested, 4) 
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FiaureE 12.—Effect of width (amount) of solder on the strength of one-half 
inch flat-lock seams 
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Each point is an average for 24 specimens 


others were milled down to a width of 1 inch so that smaller te 
loads could be used. The lap seams were made from the same maté 
rials and by the same workman as the tensile-test specimens, previous 
described. The flat-lock seams were made up especially for the 
tests. The sheet copper was from the same source as the tens! 
specimens. The solder was ‘50-50’ jead-tin composition of or 
nary market grade. The flat-lock seams were pretinned so that emp 
seam was entirely filled with solder. It was not thought worth wij 





Seams for Copper Roofing 603 
test flat-lock seams which had not been pretinned, since such seams 
ye very low strengths in the tensile tests. 

(b) TEST PROCEDURE 


Figure 15 is a photograph of a seam under test showing the method 
suspending and loading the specimen. Each specimen was in- 
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FicuRE 18.—Comparsion of results of pretinning with tin and with ‘‘50-50 ” 
(half lead, half tin) solder 


Each point is an average for 8 specimens 
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FicurE 14.—Effect of pretinning on strength of one-half 
inch flat-lock seams 
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pected morning and evening so that the time of failure was deter- 
ned within half a day. The specimens under very heavy loads 
ive inspected hourly during the first 10 hours. 

“Creep”? was not measured. It was observed, however, that failure 
«curred in a progressive manner. On both types of seams the first 





604 Bureau of Standards Journal of Research 


indications of failure were fine cracks in the solder along the edges, 
the seams. These cracks gradually opened and spread toward i 
center of the seam until finally the solder gave w ay suddenly. (nj, 
lap seams with the heaviest loads this progressive failure took 
within a half hour, while on one or two of the flat-lock seams ij, 
light loading the initial crack was observed nearly two weeks bei 
the final complete failure. 
(c) RESULTS 


The results are given in Tables 8 and 9. The ‘‘nominal stres 
reported in column 3 of the tables, was computed by dividing 
total Jo ad in pounds by the area of the seam (width times length) j 
square in¢hes. In the case of lap seams this nominal stress becom 
very nearly equal to the shearing stress in the solder as soon ag 
solder begins to deform plastically. A number of the lap seams we 
found to have imperfections, such as bubbles in the solder or untinne 
spots on the copper. The areas which appeared to be well solder 
on these seams were measured and ‘‘corrected stresses’’ based 
these areas were computed (column 4 in Table 8). In most cases | 
imperfections were slight. 


TasiLe 8.—Prolonged loading tesis of soldered lap seams 


' bs 
| width of | Nominal | Correc ted Tj 
Gage of copper (in ounces per square foot) seam | stress } Stress? | failur 
(inches) (bs./in. 2) | (Ibs./in. (davs 


F 
| 








1 Total load in pounds divided by area of seam in square inches 
On defective seams, a ‘‘corrected stress’’ was computed as the total load in pounds divided 
area in square inches of that part of the seam which appeared to be well soldered. 
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TasLp 9.—Prolonged loading tests of one-half inch soldered flat-lock seams 


| 
| | Nominal | Time to 
Gage of copper (in ounces per square foot) | stress! | failure 
(ibs./in.?) | (days) 





} 
900 | 
700 | 
600 | 
500 | 
450 | 
400 | 
390 | 








1 Total load in pounds divided by area of seam in square inches. 


The data for the lap seams are plotted on the graph in Figure 16. 
r defective seams only the corrected values are plotted. (Open 
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licure 16.—Results of prolonged loading tests on lap seams 


For stams with imperfect soldering corrected values were computed and then plotted in the 
diagram as open characters. For these seams only the corrected values were plotted 


wracters). No differences in the results due to variations in the 
we of the copper from 14-ounce (0.0189 inch) to 20-ounce (0.0270 
or due to variations in width from one-quarter to 1 inch can be 
tected. Note that as the stress is decreased slightly under 400 
sin.” of seam, the time required to produce failure increases very 
pidly and the curve becomes nearly horizontal. The indications 
}) that the maximum stress which lap seams will withstand indefi- 
tely is in the neighborhood of 350 lIbs./in.? of seam. 
The graph in Figure 17 gives the results for flat-rock seams. The 
ve is similar to that for lap seams in Figure 16, but approaches the 
przontal at a slightly higher stress. The curve indicates that the 
aximum stress for which one-half-inch, pretinned, flat-lock seams 
(l withstand for a very long time is about 375 lbs./in.?. of seam. 
‘’t-lock seams of other widths were not tested, but very likely these 
sults are applicable to seams of widths up to 1 inch, at least. 
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The values given above may be used to determine the width , 
seam required if the load on the seam is known. However, a liho», 
factor of safety should always be used because it is not. possible , 
determine by inspection whether or not there are any smal! imperfe, 
tions in the soldering. 
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Figure 17.—Results of prolonged loading tests on pretinned one-halj-ir 
flat-lock seams on 16-ounce copper 


VI. CLEATS 


Ss 


Cleats for fastening the copper sheets to the supporting roo! 
shown in Figure 18. The narrow cleat, sometimes with two nails aud 
often with only one, is very frequently used. It is believed by many; 
however, that the wider cleat is superior for copper roofing, and thi 
opinion is substantiated to some extent by the results of comparati 
tests. 


at: 
\E \ \ 
Narrow Clear Wide Cleat 


Figure 18.—Cleats for fastening copper sheets to roof sheathing 


During the course of some expansion tests on a molded copp 
gutter 50 feet long, several methods of fastening the gutter 
studied. Continuous measurements of copper roof temperatures: 
Washington, D. C., over the period of one year indicated that t 
maximum range of temperatures ever likely to occur in Washingto! 
is approximately from —20° to +160°F. The temperature ral 
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Picture 15.—Prolonged loading test on pretinned %-inch flat-lock seam 


Seam is indicated by the arrows. 
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Figure 19.—Tests on copper 


gutter fastened to sheathing with narrow 


cleats, one nail in each cleat 


A, Gutter at temperature of 70° F lative positions of « 
and gutter at Hand F. , gutter at 200° F. Note that cleats at Hand F have bee 
displaced as gutter expanded toward the right. C, gutter at 15° F. Note disp 
ment of cleats at and F toward left due to contraction of gutter. (The pieces of fiber 
board and the sand bags shown in photographs A and B were used for preventing 
loss of the steam which was employed for heating. Steam was supplied through 

forated pipe lying in the bottom of the gutter. 


ready for tests. Note re}! 


Sand bags were also used to equalize the 
load supported by the gutter, the load being maintained practically constant throug! 
the test.) 
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tests was about the same in extent, but for convenience was 
sed 35° or 40° F. 
Vicure 19, A, shows the end of the copper gutter mounted for test 
, temperature of 70° F. Note that the edge of the end cleat, at 1, 
fysh with the end of the gutter, and the painted marker on the 
ond cleat from the end, at F/’, points directly to the marker painted 
the gutter itself. Figure 19, 5, shows the gutter heated by steam 
a temperature of about 200° F. The end of the gutter (/) has 
wed one-quarter inch or more toward the right. (The other end 
ved an equal distance toward the left.) As the gutter expanded, 
e friction between the cleats and the gutter was great enough to 
place the cleats, as shown in the photograph. Note particularly 
» the marker on the second cleat at #' points diagonally toward 
eright. Similar movements, in the opposite direction, took place 
en the gutter was cooled to 15° F. by means of cracked ice and 
See Figure 19, C, at H and F. It is obvious that any con- 
ied action such as this, even if less pronounced, would eventually 
sult in damage to the cleat, probably by tearing at the nail. When 
ats of the same dimensions, but with a second nail placed an inch 
pvond the first in the center-line of the cleat were tested, their dis- 
weement as the gutter expanded and contracted wes much jess pro- 
wneced. However, slight wrinkles could be seen, particularly 
ind the nails nearest the edge of the gutter, which indicated that 
ecleats were overstressed. 
Similar tests were also made on wide cleats such as shown in 
vure 18. No displacement or distortion of these cleats could be 
ected at any time during the tests. 
lt seems reasonable to infer, therefore, on the basis of these results 
it the wider cleats will give better service on seams with open 
ks, such as the ribbed, standing, and open double and sing!e lock 
ans. 


the 


VII. SUMMARY 


The following conclusions are based on the results of tests of seams 
r copper roofing: 
|. Flat-lock seams calked with white lead and linseed oil can be 
d wherever the depth of water which may be standing for several 
tyson the roof will not exceed 4 inches. Such conditions are rarely 
heountered on copper roofs. The tests indicate that many years of 
vice will not impair the weather-proof qualities of these seams. A 
ixture of white lead with 8 per cent of linseed oil is superior to one 
ith 15 per cent of oil. 
2. Soldered seams were equally strong whether made with resin, 
|, or a “prepared”? commercial flux. The least corrosive flux 
give the best results in the long run, since all appear to be 
lually satisfactory as regards strength. 
. Soldered seams made parallel or transverse to the direction of 
ing of the copper were equally strong. 
3. The strength of soldered lap seams, one-quarter to 1 inch in 
ith, is proportional to their widths. The tensile tests showed that 
seams under three-quarter inch in width are not adequate for 
)per roofing. The proper width can not be determined from the 
iensile test, since it is necessary to take time under load into 
OUNT, 
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(i 
5. A large increase in the amount of solder used on one-half, 
flat-lock seams results in only a small increase in strength. 
6. Pretinning by dipping the edges of the sheets to be joing 
molten solder or tin increases the strength of lap and flat-lock se 
‘he increase is very marked in the case of flat-lock seams sinc 
this method it is possible to join all the layers of copper in the gq 
7. The maximum safe load for soldered lap seams is appry 
mately 350 lbs./in.? (length times width) of seam, and for one. 
inch pretinned flat lock seams 375 Ibs./in.? of seam. Under gre 
loads failure will occur after a time, depending upon the magnit 
of the load. 
8. Cleats 2 inches wide are preferable to those only 1 inch wi 
Wasuineton, May 7, 1930. 
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PARATUS FOR THE MEASUREMENT OF HIGH CON- 
STANT OR RIPPLED VOLTAGES ! 


By Lauriston S. Taylor 


ABSTRACT 


improved form of high resistance to be used as a high-voltage voltmeter 
plier for use up to 150 kv. is described. The total resistance is 100 
bhms, designed to be coronaless by placing one hundred 1-megohm resistors 
corona cases containing 5 resistors each, the corona cases being mounted 
ries on top of each other. The complete unit is readily portable. Methods 
wlibrating the resistance under full-load conditions are described. Errors 
jiscussed and necessary corrections, to give a maximum error in high-voltage 
surement of 0.01 per cent, are given. A new type of high-voltage string 
rometer for use in connection with the resistance is also described, 


CONTENTS 
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aa tion and test of multiplier resistors_..- 
1. Constrideuen @ indrvidual Unite... ke ccncacccamencous aa 
Dy ene tan MeO CIOS? = oe! eR mewn oa eee tinn ames 
Construction of the complete unit 
Performance tests 


I. INTRODUCTION 


‘ith the increasing use of high rippled or constant voltages for 
ise physical and commercial purposes, it is becoming more neces- 
r to make accurate measurements of the magnitudes dealt with. 
these, the most difficult is the measurement of potential, yet in 


field of pure and applied X rays this is particularly important 
various reasons. 

> the early work of Farnsworth and Fortescue,? Chubb,’ and 

a. ¢. veltages have been measured largely with the sphere- 

k gap for w hich an empirical calibration was established. This 

bration being independent of the frequency over wide ranges has 

iied its use to measure either rippled or constant voltages. How- 

, to attain the highest accuracy by such a means the spheres 

be so large (25 to 50 cm diameter) that it almost eliminates their 


the present the term ‘‘constant potential” has been used indiscriminately in describing the 
il supplied by kenotron or other valve tube rectification. Accordingly we will in the future use a 
@ accurate designation of voltages which are actually not constant but fluctuate about a certain 
ilue. We thus define a “Ripple Quantity”? (potential or current) as a simple periodic quantity 
¥) Sin (wr+-ay)-+- V2 Sin (Qw7r-+-a2)+_~ in which the Crys term (V4) is so lar ge tha tall \ alues 
lity are positive (or negative). The ‘amount of ripple (‘ Rip plage” or “Ri ippl unce’’) in a ripple 
$s the ratio of the difference between the maximum and minimum values of the quantity to the 
aie 
ve definitions are being considered by the Committee on Electrical Definitions of the American 
“US Association under the sponsorship of the A. I. E. E, 
Farnsworth and ©, Fortescue, Trans. A. A, E. E., 32, pt. 1, p. 733; 1913. 
W. Chubb and C, Fortescue, Trans. A.J. E. E., 32, pt. 1, p. 739; 1913, 
. Peek, G. E. Rev., 16, p. 286; 1913; and Mad, A. LE, E., 32, pt, 1, p, $12; 1913. 
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use in the ordinary laboratory. In addition, the construc 
details must conform to certain arbitrary specifies itions, and ¢ 
tions must be made for atmospheric conditions. With the 125, 
spheres more commonly used, the errors increase until the prec 
necessary for many physical purposes is no longer obtainable, 

Another important disadvantage of the sphere-gap method js | 
its use necessarily interrupts the high voltage which it is to meas 
This is particularly troublesome in the case of the usual ripple vol; 
obtained from kenotron-condenser rectifier circuits. 

Various types of electrostatic voltmeters have been devise; 
measuring these high voltages. They have been calibrated in ; 
cases either with a 125 mm sphere gap or by means of the short y 
length limit of the X-ray continuous spectrum using the rely 
V=1.234/d, where V is the maximum voltage expressed in kiloy 
and \. is the spectrum limit expressed in angstroms. The spher. 
method of calibration is limited by the inaccuracies of the spher 
used ; the second is possible only in a well-equipped X-ray labor; 
having an accurate lonization X-ray spectrometer. A high pre¢i 
absolute electrometer for a. c. potentials up to 250 kv. has “ n by 
by Brooks,®*® but eniorumanls is not applicable to d. ¢. voli 
measurements. 

Thus far, the only accurate method of measuring high d. ¢. po 
tials has been by means of a high resistance used as a voltm 
multiplier. This method has been employed by Webster, Duane, 
Terrell; and, while serving well the particular purpose, the resistai 
have been unwieldy and have drawn considerable power fron 
high-voltage source.’ 

As a part of the bureau’s program of practical X-ray studies 
was considered necessary to make a careful study of high volt 
under actual operating conditions. This has necessitated the ¢ 
struction and calibration of accurate electrostatic voltmeters and 
small sphere gaps. For this there has been developed a compact: 
portable voltmeter multiplier which consumes but 1 milliam :pere 
100 kv. and hence can be maintained in continuous connection 
the usual high-tension system without interfering with its Seal 


II. CONSTRUCTION AND TEST OF: MULTIPLIER 
RESISTORS 


1. CONSTRUCTION OF INDIVIDUAL UNITS 


It was desired to make the unit of standard materials, if poss! 
hence, a number of different types of commercial resistors were ti 
Those finally selected were 1-megohm units of nickel chromium 1 
with a special insulation designed to withstand both high temp 
tures and high voltage. Nickel chromium was chosen in spite 0! 
comparatively large” temperature coefficient because manga 
constantan would have made the units too bulky. In these resi 
the wire is wound on six-spoo! bobbins, 1 megohm to each, as sii’ 
in Figure 1. 


5 See L. 8. Taylor, B. S ey Research, 5 (R P211), p. 507, October, 1930 

6 See C. Snow, B. 8. Jour. Reses arch, 1 (RP17), p. 513; 1928 

7H. M. Terrell, C. T. Ulrey, X-Ray TX chnology, pp. 112-116, Van Nostrand; 1930. 
‘ T,, j th lor, B S. Jour. Research, 2 (RP56), p. 771; 1929. 

*L, 8. Taylor, B. 8. Jour. Research, 3 (RP 119), p. 807; 1929. 
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two kinds of bobbin material, both of which proved satisfactory, 
re used: (a) Lavite, carefully baked after machining and then 
spregnate 1d with paraffin ; and (b) isolantite, which is supposedly 
4 likely to absorb moisture. The spools are wound successively 
i the bobbins practically noninductively by reversing the direction 
winding in adjacent spools, the wire passing from one spool to the 
xt through the slot in the partition,’® and its ends soldered to brass 


an | ids cemented into the ends of the insulating base. X-ray photo- 
wey aph s were made of several to inspect the effectiveness of the cement 
vised ii to reveal possible leakage paths through the insulation. 

I in ; 2. TEST OF INDIVIDUAL UNITS 


The manufacturer’s rating for each unit was given as 1 megohm 

| per cent with an energy dissipation of 1 watt. With each unit 

:biected in air to an applied potential of 1,000 volts, d. c., for 8 hours 

indication of breakdown appeared. With 1,415 volts, d. c. 
watts), for 2 hours, the result indicated that a 100 per cent over- 
| was safe; 2,000 volts (4 watts) for 2 hours caused breakdown in 
uly 3 per cent of the units tried. These tests, repeated with the 
nits immersed in ordinary high-tension transformer oil, showed no 

reak de ywHS. 
C. pif A special high-voltage Wheatstone bridge was constructed so that 
Olina resistance of the bobbins could be measured under load condi- 
j2ne,@imons. In the two arms of the bridge on one side of the galvanometer 
tar placed, respectively, the unknown resistor of about 1 megohm 
ud a dial manganin resistance box, ranging from 0 to 1,111,111 ohms 

» l-ohm steps. In the other two arms were placed manganin resist- 
nces of 5,000 ohms each. Voltages up to 2,000 volts, d. c., were 
pplied directly to the bridge. With this operated at 1,000 volts it 
rus possible to detect a change in resistance of the bobbins of 1 part in 
),000, although the absolute accuracy was limited to 0.01 per cent 
y the uncertainty in the calibration of the bridge arms. 

With this bridge it was readily possible to examine any unit under 
perating conditions and detect any failure of the resistor, such as a 
reakdown between windings at high voltage. To determine the 
enperature coefficient of resistance, the resistor was immersed in a 
uge beaker of transformer oil heated to 80° C., and resistance 
jwasurements made with the bridge every few minutes as the oil 

well stirre od) cooled down to room temperature. The results, plotted 

Figure 2, gave a temperature coefficient of 0.0152 per cent per °C. 

i resistance measurement at other room temperatures were cor- 
rected by this coefficient to 20° as standard. 
lor determining the resistance of each bobbin, two methods were 
used : (a) W ‘y low voltage (25 volts) applied to the bridge con- 

tnuously, and (6) with high voltage (1,500 volts) applied for about 
oe Secor id, followed by a long interval of rest during which the 

ridge was ’ adjusted in preparation for the next trial for balance. 
lnneither case was appreciable heating of the coil produced. Results 
by the two methods agreed to better than 0.1 per cent, and thus 
jlis stified the use of method (a) for routine measurements of room 
iperature resistance. Surface or body leakage of the lavite and 


tp eer rn + 


rerments made elsewhere have shown the inductance to be slightly negative but negligible for 
purpose at hand, 
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isolantite was tested by connecting an unwound bobbin in y, 
with a galvanometer of sensitivity 10~° amps per millimeter 4p; 
source of potential of about 1,300 volts, d. c. No measurable ¢ 
rent passed through, indicating the resistance to be greater than | 
ohms and negligible as a source of leakage. A leakage test with 
hard-rubber supports, similar to that for the bobbins, proved ; 
insulation to be satisfactory also. 

















| 





Resistance (Megs) 








oa) Temperature (C°) 
1.00614 























24 32 40 48 56 64 72 80 
Ficure 2.—Curve for obtaining temperature coefficient of a single resistor 


III. CONSTRUCTION OF THE COMPLETE UNIT 


For the purpose at hand a resistance suitable for the measurement! 
of 150 kv. was needed. As a result of the above tests, 100 megohni 
were shown to carry 150 kv. safely, thereby giving a working curren! 
of 1.5 milliamperes and dissipating a maximum of but 225 watt 
Connecting 100 resistors in series in open air would have resulted 
excessive corona around those at the higher potentials and thu 
introduced three serious difficulties: («) Corona bombardment \ - 
would eventually break down the insulation of the wire, (6) the p 

cipitation of dust from the air which would eventually cause serio 
surface leakage, and (c) the possibility of a corona current of sufficier 

magnitude to introduce error. This might be avoided by immersitz 
2() bobbins in series in a 14-inch pyrex ‘tube filled with high- tensiol 

transformer oil. By so doing the maximum potential “difference 
between the ends of the tube would be only 30 kv., thus eliminatily 
excessive circulation of the oil. Five such units in series, proper] 
suspended in air and kept free from dirt, would provide a fairly su 
able multiplier for 150 kv. This method is open, however, to t¥ 
main objections: (a) It is difficult to get at the individual resistor 
to measure their resistance, and (b) the oil may eventually breti 
down sufficiently to cause appreciable leakage. 














Wire resistors used in multiplier 











D, complete resistor wound in 6 spools; £, Isolantite bobbin. 


A, B, Lavite bobbins; C, 
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Figure 3.—Assembled unit of five resistors in spun 


aluminum corona shield with cover removed 














FIGURE 4.—Complete unit with cover attached 
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a caylor] 


To eliminate the difficulties above, the 100 units were finally 

= led into 20 sets of 5, each 5 being mounted in a spur alumi- 
um corona shield, A (fig. 3), on a frame of polished hard rubber, B, 
ail by an aluminum base plate, C, which is bolted to the shie Id 


ny 
ais 4 
t 
\ 


pis 


Wvith a 3-ich disk of one-eighth-inch aluminum, D, serving as a nut. 
‘The resistors are connected in series in such a way that only 40 per 
ent of the potential applied to a shield exists between each bob- 
Pin and its nearest neighbor and thus effects a minimum potential 
\Jitference along the hard rubber support. 

' One end of this group resistance is permanently fastened to the 
shield, and the other end to a flat phosphor bronze spring, /, mounted 
‘on the hard rubber frame. Covering the open face of the corona 
shield is a one-fourth-inch hard rubber disk. (Fig. 4.) In both 
chield and cover are two 1-inch holes to provide ventilation. A stud, 
|}, protruding from the aluminum disk, D, is screwed into the hard 
rubber cover of the next corona case so as to make electrical contact 
Fwith the spring £. 

ie — nience, 2 stacks of 10 shields each were supported 
, top and bottom on electrose insulators mounted in a dried 
cake | frame which had béen painted with several coats of shellac. 

e frames can be used separately as in Figure 5 or placed one on 
op a the other and connected in series as in Figure 6. 

The assembled multiplier has the following advantages: (a) The 
maximum potential difference between any resistor and its surround- 
ings is only 7.5 kv.; hence, there will be no corona inside the shield 
wid a minimum of dust precipitation; (6) all corona shields are 
‘maintained at a fixed potential difference of 7.5 kv., maximum, with 

‘respect to adjacent shields, so the total stack is coronaless; (c) the 
‘electrostatic shielding effect of the corona case protects the hard 
rubber cover of the next above from corona bombardment; (d) the 
small gap between corona case minimizes the possibility of sunlight 
wiecting the insulating qualities of the hard rubber; (e) dull black 
lacquer on the inside and outside of the corona cases permits a maxi- 
um of heat radiation;" (f) the separation into 5 megohm units 
permits easy tests for possibly defective resistors, and likewise 2 
eady calibration of the resistance of each. 

lt might be pointed out that for continuous use, the hard rubber 
‘forms appreciably. This has been avoided by making the covers 
of one-fourth-inch pyrex glass plates, pyrex being used in preference 
} other glass because its surface leakage is small. The stack is, 

however, rendered more fragile. For measurements of short dura- 
tion, hard rubber has proved to be satisfactory, and, moreover, fur- 
ulshes a readily portable apparatus. 


IV. PERFORMANCE TESTS 


It was found — the assembled stacks, when subjected for several 
tours to high d. ¢. potentials up to 75 kv. (per stack), carried the 
load without Hinde: The resistance of each case was measured 
before and after applic vation of the voltage, as described above, with 
‘pproximately one-fifth of the maximum working voltage applied 





1 @ size of the corona ease is such that 10 resistors might have been placed in each instead of 5. 
er, this is undesirable, since it would double the amount of heat to be dissipated per unit and cause 
onal he: iting of the coils, 
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across the case. The few units which showed any change in resists; 
were then discarded. 

It was impossible in actual operation to make any measuremen:, 
the temperature attained after temperature equilibrium had pes 
reached, since this is affected by the proximity of other heated ; 
and the restricted air space of the corona case. However, a tey, 
perature correction for single resistors may be determined as a fx. 
tion of the current passing through the coil. This is obtained | 
applying a given potential to the ‘single resistor and measuring t\y 
resistance after equilibrium has been reached. A curve may then | 
plotted giving directly the change in resistance as a function of eithe 
the voltage drop or the current in the coil. A number of resist 
were so tested in open air and the characteristics of all were | 
to be exactly the same. 


o 

. 
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Tl 
40 60 120 {60 200 240 
FicuRE 7.—Resistance curves to show effect of heating of the resistors wnder 


operating conditions 
Voltage increased by steps. 


To determine the correction for an assembled stack, one resisto! 
in the center was detached from the main circuit and leads taken ou! 
to the Wheatstone bridge by which the resistance was measured «i! 
room temperature and corrected to 20° C. Next the resistance was 
measured for a series of potentials up to the maximum while in eac! 
case a potential from an independent source of 49 times the bridge 
potential was applied to the remaining 49 units in series. By this 
means the resistance of a single unit under actual operating condi- 
tions of voltage and heat radiation was obtained, the measurements 
being made at a given potential every two or three minutes unt! 
equilibrium was reached. 

The results of this are plotted in Figure 7 for potentials up 
1,300 volts per resistor. Examination of the curves shows that 
equilibrium, within about 0.02 to 0.03 per cent, is reached in abot! 
20 minutes. Having the no-voltage resistance at 20° C., the pe 
centage correction for each voltage (or corresponding current) Wé 
calculated from these curves, 

















Figure 5.—Assembled resistor of 50 megohms per stack 


In the particular case shown a microammeter is in a grounded circuit dividing the stacks. 





B. S. Journal of Research, RP217 








Figure 6.—Two 50-megohm stacks, connected in series and mounted ¢ 


above the other 


At right can be seen the high-voltage bridge and in the background a part of the high-volt 
generator 
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Curve a Figure 8 shows the correction to be applied to the Tesist- 
Dace when the reading is taken 20 minutes after the potential is 
Bopied. Thus, when using the stack for voltage anmelanhente. 
H}.\, curve gives for every current the necessary correction for the 
B<istance to within 0.02 per cent. Curve d shows a similar result 
#40 minutes readings. Curves b and c give corrections for readings 

ken, respectively, 10 and 5 minutes after application of voltage. 

he fact that 6 and ¢ are smooth curves indicates that such readings 
¢ just as reliable as those taken nearer equilibrium. The differ- 

nce between any two of these correction curves is only about 0.04 

cent so that great care does not need to be taken in timing the 
uration of the current. When neglecting corrections, the error is 
ply of the order of 1 per cent. 

Curve 7’ in Figure 7 shows temperature of the coils as caiculated 
from their temperature coefficient, while curve ¢ gives the air tem- 

erature within the corona case, indicated by a mercury thermometer 
Snserted through one of the holes. 

The same correction was found when voltages were brought up 
the desired value instantly instead of in steps. 

It should be mentioned that a correction must be made, of course, 
or any room temperature differing from that at which the resistance 
was calibrated under no-load conditions. In the present case the 

fno-load resistance must be increased by 0.015 per cent for each degree 
yise in temperature of the room above 20° C. 


V. APPLICATION TO HIGH D. C. VOLTAGE MEASURE- 
MENTS 


The application of such a resistance to high-voltage d. c. measure- 
ments is well known and straightforward, and consequently need 
not be dealt with in detail.” Two methods are common: (a) To 

neasure the potential drop v across a small known resistance r in 
series with the high resistance RF, calibrating the galvanometer with 

standard cell for each reading; and (b) to make a direct measure- 
er by means of a suitable galv anometer or microammeter, of the 
current 7 flowing through the resistance. By method (a) the high 
voltage V, is given by V,=v(R+r)/r where F# is the total resistance. 
By method (6) the voltage i is given by Ohm’s law, V,=2R. 

For some purposes; for example, our X-ray studies, it may be 
desired to make not only an accurate measurement of the ‘high 
potentials, but to determine also the magnitude of any small irregular 

lictuations in the ripple voltage. To do this a new type of high- 
volts tage electrometer was developed suitable for measuring voltages 

ip to 1,000 volts to within +0.1 per cent. (Figs. 9 and 10.) A 
(rawn platinum wire, A, of 0.01 mm diameter (shown in a heavy 
ie) Is Suspended about 2 mm from a 2.5 cm brass tube, B. This 
wire is under the tension of a loop of coarse quartz filament C at the 
ower end and its adjustable suspension above. This system is 
§ nirouriiel by a cylindrical copper case about 5 inches in diameter, 
ipported at the base by a good insulator. With the case rounded 
ud a potential applied to the inner insulated system, consisting of 
lube and wire, we have an idiostatic electrometer the sensitivity of 
| be altered at will by changing the tension on the wire. 


see footnote 7, p, 610, 
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FIGURE 9.—Details of electrometer 


Fiber and quartz loop have been drawn in so as to be visible. 








High Voltage Resistor 617 


yeriod of the wire is so short that it follows rapid fluctuations 
voltage. ; 

The displacement of the fiber is observed by means of the tele- 
provided with an ocular scale of 100 divisions. By suit- 


ave, 


bly adjusting the fiber tension the electrometer will deflect 100 


60 to + “To 


—Calibration curves for high-voltage idiostaiic electrometer 


Fiber tension for curve B less than for curve A, etc. 


sions per 1,000 volts, and readings can be readily made to within 
-tenth division, which is equivalent to about 0.2 volt at the ex- 

‘end of the seale. Calibration of the electrometer is effected 
neans of a 1,500-volt d. c. generator. As an alternative, the zero 
v be set off scale and the fiber tension adjusted to bring the desired 
tage range on the scale. 


4754°— 0o——S 
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Figure 10 shows three calibration curves for the electroy, 
when the tension, t, of the fiber is changed (t,>tg >to). Thus» 
measuring a potential of the order of 1,000 volts, the conditions y» 
resented by curve C are most suitable. In using this instrumen 
suggested above, it is shunted around the last 1 megohm resis» 
(at the grounded end of the stack) and the electrometer case ground 
Knowing the value of the shunted resistor, the voltage drop acros: 
gives directly one one-hundredth of the total voltage across the st, 
Any fluctuations of very short duration may then be measure: }; 
the play of the electrometer fiber. 

This suggested a further application of the fiber electron 
When the resistors are heated by the current flow, the resists 
of all vary in the same proportion. Consequently if the resistan 
a single unit is accurately known and also that of the total stage 
the potential drop across this unit is in direct proportion to : 
total resistance under all temperature conditions. Thus, by mea 
ing electrostatically the potential drop across this unit, the 
potential drop across the whole resistance 1s obtained without 
course to any of the corrections discussed in Section IV. Readiy 
taken in this manner are independent of the time of observa 
and the accuracy is that of the electrometer, in this case 
t 0.1 per cent. 

For convenience in observation, and to increase the scale, a | 
jecting system has been used with the electrometer in which a 
volt deflection covers a 500 division scale. 

In case such an electrometer is to be used for measuring hig 
static potentials, the supporting insulator, S, must be such that: 
appreciable surface leakage takes place across it.* The surfa 
the insulator always becomes slightly charged due to creepag 
prevent such a charge from affecting the electrostatic field wi 
the electrometer, the insulator is covered with a metallic apro: 
to serve as a shield. 

It might be mentioned that a similar type of electrometer 
been constructed for direct measurements up to 100 kv. \\ 
calibrated by means of the high-resistance stack, described abov 
can be used directly on a high-voltage system without consui 
any energy. In this case corona about the small fiber is avoi 
by special corona shields over the ends of the support. With ' 
instrument it is possible to detect and measure the ripplage oi 
ripple potential X-ray generator. 

Credit is due C. F. Stoneburner, of the X-ray laboratory, | 


cy 


carried out all of the resistance measurements discussed above 
WASHINGTON, June 4, 1930. 


} 
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Bakelite is unsuitable for such insulation. 
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OMPRESSIVE TESTS OF BASES FOR SUBWAY COLUMNS 
By James H. Edwards, H. L. Whittemore, and A. H. Stang 


ABSTRACT 


In the construction of subways under the streets for carrying passengers 
electrie trains it is customary to provide steel columns between the tracks 
support the overhead structure. These columns are usually rolled steel 
eetions having plate and angle bases riveted to the columns for distributing 
e load on the conerete footing. 
Tests were made of 3 welded bases and 6 riveted bases, 3 without base plates, 
{3 with base plates to determine whether the welded design was satisfactory. 
[he specimens were loaded with the base on a span of 12 inches. 
Some hand strain-gage readings were taken to study the stress distribution. 
trength of the weided specimens and the riveted specimens having base 
lates was practically the same. The H-section deformed greatly at the maxi- 
num load, and the stiffeners in the base buckled. 
The strength of the riveted specimens without base plates was about 60 per 
t of the strength of the other types. At failure, eight rivets on one side of 
specimen sheared. There was apparently no deformation of either the H- 
or the angles forming the base. 
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I. THE COLUMN BASES 


In the construction of subways under the streets for carrying pas- 
cugers by electric trains it is customary to provide steel columns 
vetween the tracks to support the overhead structure. These columns 

usually rolled steel H-sections having plate and angle bases 
ied to the column for distributing the load on the concrete 

The American Bridge Co. suggested to the Interborough Rapid 

nsit Co., of New York City, that the bases be welded instead of 

ted and that the design of the base be changed to one which was 
suitable for this new method of fabrication. The welded base 
wrsisted of only three plates, as shown in Figures 1, 5, and 8. Six 
s and two plates were required for the riveted base having no 
dase plate, as shown in Figures 1 and 8, six angles and three plates 
or the riveted base having a base plate, as shown in Figures 1, 2, 3, 

(,and 8, 

619 
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As the welded design was a radical departure from the metho do 
fabricating these important connections, which experience had show 
to be satisfactory, tests were made to determine the strength oj} 
welded bases and 6 riveted bases, 3 without base plates and 3 ys 
base plates. Some hand strain-gage readings were taken to sty, 
the stress distribution. ; 

The American Bridge Co. made the designs and fabricated the s 
mens. The tests were made by the National Bureau of Stands al in 


II. METHOD OF TESTING 
1. LOADING THE SPECIMENS 


The specimens rested on two blocks, A-—A, having cylindry 
lower surfaces as shown In Figure 2. The blocks rested on a hardexs 
steel plate, B. The blocks were 6 inches wide and 10 inches loy 
The radius of the cylindrical surface was 4 inches. The distay 
between the inner surfaces of the blocks, 6 inches, was about ¢ 
nominal depth (5.986 inches) of the H-section. The span wy 
therefore, 12 inches. A hardened steel plate, C, was placed on | 
of the H-section and the load applied through a spherical bearing 

With an assumed yield point of 35,000 Ibs./in.,? the H-secti 
(sectional area 14.70 square inches) would be expected to fail , 
compression under a load of about 500,000 pounds. The testiy 
machine having a capacity of 600,000 pounds was therefore used {i 
these tests. The riveted bases without base plates failed 
loaded in this machine, but as the other specimens did not fail unda 
a load of 600,000 pounds, greater loads were later applied in t) 
hydraulic testing machine having a capacity of 10,000,000 pou 
(See fig. 3.) Since the lower platen of this machine has a sphene 
seat, no spherical bearing was used on top of the H-section. 


2. STRAIN GAGE MEASUREMENTS 


To determine the stresses in some portions of the specimens, hea 
strain-gage readings were taken on the gage lines (shown in fig 
with a Whittemore fulcrum-plate strain gage having a 92-inch | oag 
length. This strain gage (shown in fig. 4) was designed by one 
the authors at the request of the Engineering Foundation, C 
mittee on Arch Dam Investigation.' For that investigation a 
accurate strain gage was desired than the instruments then availat 

The frame of this instrument consists of two parallel side ba 
connected near their ends by spring fulcrum plates which effectively 
prevent motion of one bar relative to the other, except longituci 
nally. The two points (for insertion in holes in the member up! 
which the measurements are to be taken) are rigidly attached, o! 
to each side bar. The relative movement of the six de bars is, for 
instrument having a 2-inch gage length, usually indicated | 
‘Last Word” dial micrometer graduated to 1/10,000 inch and hav 
a range of 0.024 inch. Although the accuracy of the reading 
this strain gage depends somew hat upon the skill of the observer, tl 
error in the stress computed from the readings taken with tl 
instrument having a 2-inch gage le -ngth, Probal bly, did not ex 





t ‘Ritoaie Foundation Committee on Arch Dam lies ation, Report by Committee, 1, pu 
by Am, Soc, of Civil Engrs., Strain-Gage, p. 64; May, 192s. 
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Figure 1,—Dimensioned drawing of bases for subway columns 
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2,000 lbs./in.2 The error would have been much smaller (q}), 
500 lbs./in.’) if the gage length had been 10 inches. 
On the riveted column bases, strain-gage readings were tak. 
only on the four inclined gage lines, 6, on the outstanding leg oa 
stiffener angles. As 
_ Twenty gage lines were used on the welded specimens as shoy 
in Figure 1 to obtain a better knowledge of the stress distributioy , 
this new design. 7 
To allow the average stress to be determined if the stiffener buct 
the gage lines /, 2, and 3 were placed on both sides of the stiffey, 


III. RESULTS OF THE TESTS WITH DISCUSSION 
1. STRENGTH OF THE BASES 


The results of the compressive tests are given in Table 1, 
addition to the strength a ‘‘yield point”’ was obtained by obsery; 
either the load at which the beam of the testing machine “droppei 
or the load which remained constant as the specimen shortened. 
it was necessary to stop the testing machine to take the strain-vy 
readings, it was difficult to detect ‘yield points” by “drop of t) 
beam” at loads near those at which strain-gage readings were tak 


TABLE 1.—Results of compressive tests of column bases 


{Nominal area of H-section, 14.70 square inches] 








Yield point Strength 


Column base No. | Description of specimens 
| | ; : Stress in ee : Stre 
Total load | py coction | Total load | 1), 





Pounds Lbs./in.? Pounds 

| Welded 1 412, 000 28, 000 623, 000 
~~ 0... 444, 000 30, 200 666, 000 

RR SR REA RAR ART 448, 000 30, 500 661, 000 


Average-__ 


26, 900 | 419, 000 
353, 000 24, 000 | 426, 000 | 
25, 000 | 416, 000 


Riveted, no base plate. _....-----| 395, 000 


— eee ise cckkban 
rs Re E ai sit | 367, 000 


Average... ---- ae 


Riveted, base plate - - - aa | 435, 000 29, 600 698, 000 | 
446, 000 30, 400 | 683, 000 
29, 900 | 676, 000 


7 440, 000 





Average ___ 
| 








1 At this load no drop of the beam was observed, but the stiffeners were buckled. 


The first indication of failure in the welded specimens was buckiliti 
of the stiffener plates. The H-section deformed as the load increas¢! 
The welded specimen TC 1-A after test is shown in Figure 5. All 
welded specimens failed in much the same way. In only one o! t 
welded specimens, TC 1—A, was a crack in the weld detected. It Ws 
not observed until after the specimen was removed from the test 
machine. It was at A (fig. 5) between the outer surface of the fla 
of the H-section and the weld metal and extended along the weld 
about three-fourths inch. It was probably caused by the incre 
in the angle between the base plate and the flange of the H-sectl’ 





3. S. Journal of Research. RP218 











Hieeebel 


. 








FIGURE 2.—Specimen ready for test in the testing machine having a 
capacity of 600,000 pounds 
The base was supported on a span of 12 inches by blocks having cylindrical (radius 


4 inches) lower surfaces. A spherical bearing block was placed on top of the speci- 
men. This specimen is riveted base TC 3-C having a base plate. 
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FIGURE 3.—A specimen after test in the testing machine having a capa 


10,000,000 pounds 


This is the riveted base TC 3-A having a base plate. The total load was 698,000 pounds and t 
average stress in the H-section was 47,500 Ibs./in.? 
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Figure 4.—The Whittemore fulcrum plate strain gauge 


having a gauge length of 2 inches 














FIGURE 5. The welded base TC 1-A afte r test 


The total load was 623,000 pounds and the average stress in the 
H-section was 42,400 Ibs./in.2 The crack shown at A was the only 
one detected in a weld for the three specimens of this type. 
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riveted base TC 2-A_ without base plate, 
afte r test 


The eight rivets on one side of the specimen sheared. The total load was 
418,000 pounds, and the average stress in the H-section was 28,480 Ibs./in.? 


The average shearing stress in the sixteen 34-inch rivets was 59,400 Ibs./in.? 
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bon the H-section deformed. The crack was so small that it could 
ve had no effect on the results of the test. 

All the riveted specimens without base plates failed by shearing 
‘he eight rivets on one side. Specimen TC 2-—A after test is shown in 
ijoure 6. There was no notic eable deformation of the H-section nor 
of the pieces forming the base. 

The computed average maximum shearing stress in these rivets, 
ysing the nominal area of the 16 three- fourth-inch rivets, was 59,400 
Ibs. /in.? 

The failure of the riveted specimens with base plates was similar to 
that of the welded specimens as may be seen in Figures 3 and 7. The 
paerigs legs of the stiffener angles buckled, several rivets sheared, 

the H-sec ‘tion deformed. 

he perdi of these particular welded specimens was practically 

same as the strength of these particular riveted specimens having 
hase plates. The streneth of the riveted specimens without base 
ates was 61 per cent of the strength of the riveted specimens having 

ise plates. Unfortunately no tensile specimens of the steel in these 
umn bases were provided by the fabricator. There is no record 
as to whether the H-sections were cut from the same or from different 
lengths. It is therefore impossible to draw general conclusions from 
the results of the tests. As there was considerable deformation of 
H-sections for the welded and riveted base-plate specimens and 
comparatively little deformation of the base, it is probable that the 
maximum load was determined by the strength of the H-section. 

As the maximum compressive strength of columns decreases as the 
length increases, the strength of the short H-sections used for these 
tests was greater than the strength of any longer column having the 

me section. It may also be pointed out that the bases, when in 
ise, rest on flat surfaces supported by the foundation of the subway. 
since these bases were tested on blocks which were spaced 12 inches 
enter to center, they were, therefore, tested under more severe 
onditions than those which could occur in service. 


vy 
1 
t 


2. STRESSES 


The location of the gage lines on which strain gage readings were 
taken is shown in Figure 1. The stress along a gage line was computed? 
multiplying the change in the length of the gage line by the 
simed Young’s modulus of elasticity ‘of 29 ,000,000 Ibs./in2 for the 
el. The readings for gage lines similarly located were av eraged for 
‘cimens of the same type 


(a) STRESSES IN THE STIFFENERS 


The stresses in gage No. 1 on the stiffener plates of the welded 
pecumens, TC 1, may be compared with those in gage No. 6 on the 
lilfener angles of the riveted specimens TC 2 and TC 3. It should 
« remembered that the combined thickness of the two angles in the 

eted specimens (three-fourth inch) is equal to the thickness of 

tiffener plates in the welded specimen. 

‘or convenience in plotting the graphs of Figure 8, the ordinates are 
ne average stresses in the H-section computed from the load indi- 


For method of « omputing stress from strain-gage readings, refer to b. &. Tech. Pager No. 260, “ Test S 
{Some Girder Hooks,’’ by Whittemore and Stang, p. 310. 
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cated on the beam of the t testing machine, while the abscissas are {i 
stresses computed from the strain-gage readings. Each plotted poiy; 
is the average * the six readings obtained for the two gage lines 9, 
opposite sides of the specimen for each of the three specimens. Th, 
stress in the stiffener _ (gage No. 1) is proportional to the averag: 
stress on the H-section up to about 18,000 Ibs./in.? and is more thay 
twice the stress in the stiffener angles of the riveted specimens (gay 
No. 6). This shows that the riveted base is stiffer than the welded 
The gage lines, Nos. 1 and 6, are in the same position relative to the 
base and the column. The greater stiffness of the riveted specimens 
is undoubtedly due to the fact that the stiffeners on the riveted bases 
had considerably more metal outside the gage lines than the stiffeners 
on the welded base. For higher loads the stresses in the stiffene: 
plates increased much more rapidly than the average stress in {| 
H-section, and eventually caused buckling. 

The stress in the riveted specimens was proportional to the averag 
stress In the H-section and was practically the same for the specimens 
with and without base plates. 

Although base plates on the riveted specimens increased the mav- 
imum load about 60 per cent, they did not increase the stiffness 0 
the base for loads below the yield point. 

The stresses in the vertical gages Nos. 2 and 3 (fig. 1) on the stiffen 
plates of the welded specimens are plotted i in Figure 8. The stress 
in gage No. 2, 9 inches above the base, was directly proportional to 
the average stress in the H-section throughout the loading range fo: 
which strain measurements were taken 

The stresses in gage No. 3, 3 inches above the base, were about 
the same as those in gage No. 2 up to about 8, 000 lbs./in.? For highe 
loads, however, the stresses in gage No. 3 increased more rapidl\ 
than the stress in gage No. 2 and were much less than those in th 
inclined gage No. 1. It appears probable that the upward fore: 
exerted on the specimen by the blocks, A—A (fig. 2), caused high co: 
pressive stresses in the stiffeners above the blocks. Although gag 
No. 3 was not vertically over the block, it was in the portion of th 
stiffener which was highly stressed. 


(b) STRESSES IN THE H-SECTION 


Strain gage readings on the H-section were obtained on only the 
welded specimens, TC 1. These gage lines (fig. 1) were vertical and 
centered 9 inches for gage No. 4 and 3 inches for gage No. 5 om 
the lower end of the H-section. The stresses on these gage line: 
have been plotted in Figure 8. The dashed line is inclined 45° to 
the axes and may, therefore, be called a line of theoretical stress 
since, if the load on the H-section was uniformly distributed ove! 
the cross-section, the strain-gage stresses would equal the averag 
stress computed from the total load on the specimen. Because o! 
the stiffeners and the base plate and the fact that the specimen was 
supported on a span of 12 inches, it 1s obvious that a uniform stress 
distribution should not be expected near the re of the H-section 
Figure 8 shows that the stresses in gage No. 4, 9 inches from th 
bottom of the H-section, were less than the laze stress in the H 
section for low loads, but practically equal the average at 26,(0 
lbs./in.? The stresses in this gage line were proportional to th 
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FIGURE We The riveted base TC : having base 


plate, afte ¥ te st 


The total load was 676,000 pounds, and the re stress in 


-section was 46,000 Ibs 


the 











SISVC POJIAL OY) TO g ‘ONT OFU3 pte SOSBQ POP[OM 9} WO IJ9M ¢ 01 T “SON G sosern 
sau1) a606 ay} ut sassau4gg—'g auant BI 


00007 OOOOE C0002 900001 





<) 





| 





000 01 


ul bs sad a| 
sbuippas ulns14S WOss $S344S 


00007 O000E 000 02 000 O1 


7 
| 
1 


O000r OCOOCE COO0Z 0000) 
f t > 














= Pa —+—1- “ ! 0000¢ 


aad %g C2L-—9 
BUFO 9829 W 274 ~0 


8000~ OO000£ 








° 
°o 
3 
) 
Nv 











ul ‘bs 430 -Q\-PpDpo) wDeq 


WOJ} UO!ILDIGS-|4 VO SSatiC¢ 


00001 











000 Of 





00002 


” 
S 
= 
Ss 
= 
i) 
=> 
Ss 
~~ 
> 
C=) 
> 
” 
$. 
° 
~ 
a) 
» 
” 
SS 














000 9€ 














nore, stang] 


Kdwards, 





Bureau of Standards Journal of Research 


average stress from zero to 8,000 lbs./in.? load, but for higher |og 
the stress increased more rapidly than the average, and indicgi; 
that the effect of the stiffeners in reducing the stress in this portioy 
of the H-section flange was decreasing rapidly. The change in ¢j 
direction of the stress curve for gage No. 1, gage No. 3, and gage \ 
4 (fig. 8), indicates that above 12,000 Ibs./in.? average stress in thy 
H-section, the stiffeners carried a progressively lower portion of {i 
load. It might be advisable to use a thicker stiffener. For low log 
the stresses in gage No. 5 (fig. 8), 3 inches above the base of the 4. 
section, were about equal to those in gage No. 4 and were practica| 
proportional to the load throughout the test, being about 70 per ce 
of the average stress in the H-section. For the higher loads, the 
were lower than those in gage No. 4. The stress in the web of tl 
H-section, near the base plate must, therefore, have been low. 4; 
gage No. 5 the stiffener was wider than at gage No. 4 and was mor 
effective in transmitting the forces to the H-section. 


IV. CONCLUSIONS 


On the assumption that there were no great variations in {! 
properties of the steel in these specimens, the following conclusion 
may be drawn from the results of these tests: 

The compressive tests of these welded bases for subway column: 
showed that they were practically as strong as the riveted base 
having base plates. 

2. The strength of these riveted bases without base plates 
about 60 per cent of the strength of either the welded or the rivete 
bases having base plates. 

3. For these welded and these riveted bases having base plate: 
the bases were as strong as the H-section to which they were attached 
4. Hand strain-gage measurements on these welded specimen 
indicated that an increase in the thickness of the stiffener plates 

would make the bases stiffer. 

5. With the base loaded on a span of 12 inches the stiffness of these 
riveted bases up to the yield point of the H-section was the same for 
the bases with base plates and without base plates. 


W asHINGTON, May 28, 19380. 
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IMENSIONAL CHANGES CAUSED IN GLASS BY HEATING 
CYCLES * 


By A. Q. Tool, D. B. Lloyd, and G. E. Merritt 


ABSTRACT 


In obtaining expansivity curves for a medium flint glass, samples of the glass 
.e tested which had previously received one or another of several different 
4{ treatments, and in these tests heating cycles were employ ed which made 
possible to determine the magnitude of the so-called ‘ ‘permanent”’ changes 
length which are caused either by the annealing or the ‘‘disannealing’’ which 
ay result from the heat treatment imposed on the glass by the heating cycle 
ploys d. Annealing decreases the length and specific volume, while disanneal- 
-inereases them. It is shown that these effects are related to certain ice- 
int shifts observed in thermometers, and to other effects sometimes observed 
) various types of glassware. 


CONTENTS 


Introduction 
lI. Experimental methods and apparatus 
. General character of the glass tested 
Heat treatment of samples 
. Preparation of test specimens 
AUG AUIDRGONs Sher its eis os oe, ee OS ee > ok wd hh 
. The temperature mee asurements_-__- - 
6. The measurement of fringe displace ments 
The heating cycles 
I. Experimental results 
\. Concluding discussion 


I. INTRODUCTION 


In common with a great many other materials glass will generally 
how, as a result of cyclic heat treatments extending over consider- 
ble temperature ranges, more or less permanent changes in its 
pecific volume as w ell as in its form. In causing such effects it is 
ot always necessary that the treatments reach temperatures in the 
called annealing and softening ranges since detectable changes in 
he specific volume (when determined at any one temperature) are 
{times produced by treatments which do not reach temperatures 
nuch above those of the atmosphere. The changes resulting at such 
ow temperatures.in well-annealed glass are, however, small and of 
ittle consequence when compared with those which are obtainable 
ily at higher temperatures or which are the result of a failure of the 
cass to have reached the proper state of physico-chemical equilibrium 
Wien it was annealed. These dimensicnal changes produced by 
subjecting glasses to heating cycles approaching the annealing range 
r the subject of this investigation. 





ry abstract of this paper was read at the Chicago meeting of the American Ceramic Society, February 
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Certain of the well-known fluctuations and displacements comm 
in the ice points of mercury-in-glass thermometers undoubted: 
result from these changes in spec ific volume.? To introduce the gy}. 
ject of this paper more definitely, a discussion of these ice-poip 
shifts and their possible causes will, therefore, be included here. 

Of the ice-point shifts generally observed, part of the smaller ong 
(especially those occurring without heating above relatively |p, 
temperatures) may be trac ‘eable to changes in the shape of the by} 
which result from variable strains. Strains introduced during th 
formation of the bulb and which remain effective because the anne), 
ing is insufficient may be of this character since they usually Change 
slowly. Semipermanent or variable strains may also develop in w 
annealed bulb during the actual use of a thermometer in temper. 
ture ranges never reaching the annealing range if, for any reason, 
the expansivity and the possible specific volume change are not uni- 
form over all parts of the glass or glasses used in making the instn. 
ment. These nonuniformities may arise from striae, the use of ty 
different glasses, differences in the amount of working the glas 
receives when fused, or from temperature gradients during the fusioy 
and annealing. Tco- -point shifts from such causes should, howeve, 
generally be small and it would seem that they might with almos 
equal probability be either positive or negative. Furthermore, i 
would seem that while they can not be eliminated entirely a prope 
choice of glasses and suitable methods of producing both the glas 
and thermometers should make their significance negligible. 

Another type of ice-point shifts which may occur and which result 
entirely from uniform changes in specific volume may be divided inty 
two classes. As in the case of those ice-point shifts due to strains 
the magnitude of those in the first class to be considered should 
small and after being produced should usually decrease more ani 
more slowly with time while the thermometer is held at a practically 
constant temperature near zero. On the basis of their assumed caus 
these shifts when observed at the minimum temperature of a cycle 
will, however, always have the nature of a depression and they wil 
also develop, although their magnitude will usually decrease almost 
linearly with the extent of the range, after heating and cooling cycles 
which are within and consequently smaller than the usual 0° to 100°C 
testing range. On extending the range to higher temperatures the 
observed depression should first increase and then decrease. Gener! 
experience with glass, and other materials as well, suggests that these 
depressions result after heating and cooling cycles because the specific 
volume of even well annealed glass, after allowing for the change due 
to the normal expansivity, changes i in a cycle which lags behind the 
causative temperature cy cle impressed on the glass; that is, after al 
thermometer is heated very rapidly from 0° to 100° C., for example 
and after its temperature becomes uniform and the expansion of 
the glass due to its normal expansivity is completed, the bulb, how- 
ever, will still continue to expand slightly at a decreasing rate, This 
additional expansion, which continues at a constant temperature and 
which appears to be of sufficient magnitude and to proceed slowly 
enough even at 100° C. for observ ation in thermometers made from 


Young, Nature, 41, p. 488; 1890. In this paper Young, besides ree the rise of the ice point to 4 
ume change caused by the molecules assuming a position of greater stability, also refers to several inter 
ssting notes and articles on this s subject by himself and others. 
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ysses that are subject to relatively large depressions in this range, 
re ponds to a slow increase in the specific volume of the glass. 
cooling to zero to complete the cycle this increase in volume will 
<ist for a relatively long time since, in general, all such readjust- 
ais ; proceed more slowly at lower temperatures. Work by a 
mber of investigators was required in the development of ther- 
meter glasses which were not unduly subject to the depressions 
ich may be ascribed to readjustments of this kind, and ther- 
meters now made from the best of these glasses seldom show, for 


ies between 0° and 100° C., depressions ‘of more than one-tenth 
Cit YY 


°C. 
When, however, the tempe srature cycles are not confined to these 
atively restricted ranges such as 0° to 100° C., but are increased 
il temperatures near or within the annealing range are approached, 
e ol bserved ice-point shifts become, in general, much larger. Such 
its are of the second class which may be ascribed to specific volume 
ages in the glass, and contrasted to the first class they may, 
pending on circumstances, consist of either depressions or eleva- 
wis with the latter being far more common in practical thermometry. 
These differences between the two classes arise from the fact that 
enoticeable readjustments possible in different temperature ranges 
» different, Thus at 100° C., for example, the only noticeably 
tive readjustments in a glass previously held at 0° are generally 
comparable to disannealing processes, although the state of the 
pss at 100° is not one of equilibrium for that temperature, but for 
me much higher temperature; that is, when a thermometer, for 
ample, is annealed a cooled all major readjustments which might 
oduce equilibrium at 100° C. cease to operate at any appreciable 
elong before this temperature is reached. Certain minor readjust- 
ets, however, continue through this point and until the glass is 
rer to, or reaches zero. On reheating, the minor processes are 
versed and disannealing results throughout a considerable range, @. 
footnote 3.) This effect alone is noticeable until some tem- 
nture range, G,, well above 100° C. is reached where the major 
ocesses again operate at a noticeable rate and the annealing read- 
siment with its usual decrease in specific volume is resumed. If 
e heating is continued until a range, G, is reached which is above 

¢ temperature corresponding to the equilibrium condition pro- 
ied in the glass by the previous annealing treatment, the majority 
the annea iit ing processes will be reversed, and a disannealing some- 
hat similar to that at 100° C. with its usual increase in ‘specific 
lume will again be the predominant effect. If instead of continu- 
the heating, the thermometer had been held for some time at any 
uperature below G, and then cooled rapidly, an ice-point depression 
vlld have resulted. Treating and cooling in the same manner from 
ly point in G; would have produced an elevation, the magnitude of 
hich would depend on various factors. From G, such treatments 
vuld again produce depressions.’ All of these effects may be modi- 
d by, but they are not the result of, strains; and it is in fact only 
ise iee-point displacements that are not caused by strains and 
lich may be obtained only by heating to temperatures in and above 


‘In Figure 1 the region to the right of FQ contains the ranges Gh. Ranges Gi are to the left of PQ and 
t some houndary corresponding to S, but which will usually include more of the lower temperatures. 
G are to the left of PQ and below this rather indefinite boundary corresponding to S. 
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G, that correspond to the experimental results on chenging , 
specific volume which are shown in this paper. | 

In regard to the magnitude of these particular ice-point displ 
ments it is well known that under some conditions shifts amouny 
to 30° C. or more are possible even when the heating cycles ; 
extended to temperatures only moderately high. Since deng; 
changes of corresponding magnitudes may be obtained by vary 
the annealing schedules of most glasses it appears that, as indica: 
in the previous paragraph, these particular shifts are caused maj] 
by changes in the specific volumes of thermometer glasses. The {q 
that these large ice-point shifts are more often elevations than 
pressions is merely a consequence of the ordinary practices folloy 
in the manufacture and use of thermometers; that is, either ¢ 
scales, and consequently the probable heating cycles to which ¢ 
thermometers will be subjected when in use, extend to temperatuy 
which are near or within the annealing ranges of the glasses with 
actually reaching the effective temperatures * of the annealing tm 
ments previously given to the thermometers; or, these anneal 
treatments were entirely inadequate since they failed to estab 
those physico-chemical conditions which are reasonably stable at; 
temperatures below the annealing range. Inadequate annealing; 
of course, indefensible but the practice of somewhat overextendi 
the scales may in some very exceptional cases be justified. 1 
practice should, however, be avoided if possible and it should ne 
be followed without providing an adequate annealing which presuy 
bly should be given just before filling and graduating the thermomet 
and at temperatures as near the top of the proposed scale as possit! 
Normally it would appear that an adequate annealing treatment { 
a thermometer is one which will produce a physico-chemical cq 
dition corresponding closely to one of equilibrium for a temperatit 
not too far above the lower limit of the practical annealing rang 
This temperature corresponding to the equilibrium condition 
defined in footnote 4 as the effective annealing temperature of 
annealing treatment and when a thermometer is heated to poin 
above it an ice-point depression will usually be observed, as previous 
stated. “ 

The fact that a thermometer can not be expected to give a satisfa 
tory performance if it is heated to temperatures which exceed the lov 
limit of the annealing range is well known, but it does not appear 
be so generally appreciated that this limit is considerably lower the 
those temperatures which may be employed in giving a glass a reaso! 
ably thorough and for most purposes a sufficient annealing in 
reasonable time. The best means of determining for a given glass 
safe upper limit for the scale is, of course, to extend the heat 
cycles imposed on a comparatively well annealed test thermome 
of the glass gradually to higher and higher temperatures until 1 
point is finally reached where a treatment of several hours at t! 
maximum temperatures of the cycles begins to produce ice-poll 





4 The effective temperature of an annealing treatment may be defined as that annealing tempera! 
which practically the same effect produced on the physico-chemical condition by the actual 
employed might have been obtained through an annealing period at that temperaturre adequate to proc! 
physico-chemical equilibrium and by a cooling rate such that no further annealing occurred during 
cooling period. The resultant effective temperatures of ordinary annealing treatments may be either !o¥ 
or higher than the actual temperature employed. It is usually lower if the temoerature used is high in 
annealing range and the cooling rate is low; while it is generally higher if the temperature employed 's! 
and the annealing period is short, 
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ents which just approach the specified tolerances for such 
4<> That this apparently self-evident precaution is often neglected 
bown by the fact that many thermometers are graduated as far 
5° or 100° C. into that more or less indefinite region termed the 
ealing range. Such thermometers on being used to register these 
temperatures can scareely be expected to mect successfully any 
sonable specifications. 
hat unwarran ited requirements, such as this use of thermometers 
oo high temperatures, are so often imposed on a glass when they 
jd in most cases be obviated merely by making a correct choice 
the glasses available can only be explaine d by assuming that 
re exists IN many quarters an insufficient knowledge concerning 
tain important characteristics of this material. To aid in present- 
‘ cle: ar conce ‘ption of these characteristics it was planned some 
ysago to undertake, in connection with the density determinations 
ogress, an investigation which would involve a series of expan- 
ity measurements on several samples of a glass, each of which was 
have received previously a heat treatment considerably different 
that of the others. 
Kt t the at time a tentative diagram similar to Figure 1 was prepared 
an aid in choosing desirable treating temperatures and in predicting 
| interpreting the results of such tests. To some extent this 
cram followed the presentation used by Marchis ® in his thesis on 
manent modifications of glass but with respect to detail it was 
sed chiefly on the experience gained from a study of the particular 
s to be used in the tests, on a general knowledge of the changes 
ich are caused in the properties of glass by heat treatment, and on 
tain generalizations arrived at after a consideration of the expan- 
ity measurements obtained by Peters, Cragoe, Merritt, and others.? 
rresponding diagrams may be constructed for any property 
sted by the changing physico-chemical conditions in any material 
ving characte ristics similar to those of glass. 
This diagram (see fig. 1) with some modification is included in the 
went article mainly because such diagrams have at times been very 
ful. Although it has certain patent ‘def fects, they can not be prop- 
iv remedied until more data are available. It is, how ever, sufficiently 
vurate and elaborate to aid in the discussion of the results presented 
this paper. 


Il. EXPERIMENTAL METHODS AND APPARATUS 
1. GENERAL CHARACTER OF THE GLASS TESTED 


The glass chosen for these preliminary experiments was a medium 
nt, B.S. melt 494, that had been used in previous investigations * on 

elfect of heat treatment of the density, refractivity, etc. This 
wie Was made because it was desired to compare » the dimensional 


letermined will usu ally be well below that which is detern lined by noting the temperature 

iterna | press ure from the gus over the mercury column causes the bulb todistend. Asa matter 

the Gy range the two effects involved are of opposite sign. With a well annealed thermometer 

may all be smaller than a reasonable tolerance. In such a case, however, it is likely that the 
Swill become excessive long before the lepecesione dite to pressure become marked. 

farchis Les Modifications Permanentes du Verre et le Déplacement du Zéro des Thermométres, 


ind —,, B. S. Sci. Paper No. 393; 1920. Merritt, B. S. Sci. Paper No. 485; 1924. Peters, 
521; 1926. 
ene Soc. Glass Techn., 9 p. 185; 1925. Tool, Tilton, and Hill, J. Opt. Soc, Am. & 
at p, 490; 1926, 
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EXPLANATION OF FIGURE 1 m | 


Curve PQ represents the cooling curve (contraction per unit length) of r 
sample cooled so slowly that the glass follows its sequence of physico-che,; 
equilibrium conditions. At P a cooling rate of many degrees per seco: id 
relatively slow while at Q a degree in many years may be very rapid w! 
pared to the respective rates at which a g class that is removed to an apprer 
extent from the equilibrium conditions cor Te sponding to these points will appr, 
stability. Curve PE represents the curve of a sample cooled very rapidly ; 
700° C. and from an equilibrium condition corresponding to that or higher ’ 
peratures, for example, small particles quenched from 700° C. in water, } 
time the rate of cooling caused by the quenching is insufficient to prevent 
drift along PQ, but ultimately, near the temperature determined by the 
of the curve R, this drift ceases and the curve proceeds in the direction E 
increasing angle which a tangent to curve PE makes with PQ indicate; ' 
decrease in the drift as the temperature falls, and the slope of the straight port 
E represents the normal expansivity. Likewis se, the remaining two solid ¢ 
represent water quenchings from the indicated temperatures and from —_ ri 
conditions at these temperatures. The first temperature is slightly above; 
range of curve & and before taking the direction D indicating a normal expansi\j ( 
there is a slight drift in spite of the rapid cooling caused by quenching; but; 
lower one being below &, the drift is inappreciable and the normal expansivit 
is followed. , 

If now a sample is quenched in air from 600° C. and from a condition r 
sented by the open circle on the equilibrium sequence at that temperature, 
physico-chemical condition of the glass will again drift considerably toy 
equilibria of lower temperatures until the cooling curve approaches para 
the direction D at the approximate position indicated by the curve M. (h 
quenching from 500° C. with the glass in the condition indicated oes the 1 
lower open circle the drift is relatively slight and the curve soon becom: 
to C without further drift toward PQ. Glass in equilibrium conditi: 
sponding to the two remaining open circles will, on being air quenche d fy 
indicated temperatures, follow, respectively, the normal expansivity sloy 
and A without any appreciable drift toward the equilibria of lower temper: 
Samples of glass caused to follow curves A to E will have different densit ; 
following FE having the least, and that following A the greatest. These li: 
intended to show the maximum variation attainable by practical means. 

If the samples of glass A to E cooled as described are heated very rapidly; 
is, at rates of the ‘order obtained by water quenching, the expansion c 
AA’P to EE’P will be followed. Samples A, B, ane C will before crossing t 
curve PQ show no appreciable drift toward the equilibria of lower temperatu’ 
but will, after crossing and becoming considerably superheated, ultimatel 
to the equilibria of higher temperatures. This drift, however, will not be a 
ciable until the region limited by R’ is entered. The samples D and £ will, « 
other hand, after reaching the region R drift toward the equilibria at lowe 
peratures until PQ is crossed, then they will superheat relatively little | 
drifting toward the equilibria of higher temperatures. 

If, however, the samples A to #, inclusive, are heated at a much lower: 
the expansion curves will be represented by AA’’ to EE’’. In such a‘ 
samples A and B will show no appreciable drift toward the equilibria of | 
temperatures before PQ is crossed and, after crossing, the drift toward t 
equilibria of higher temperatures will be inappreciable only until the curv: 
is reached. After crossing curve S, samples C, D, and £ will drift 
equilibrium at lower temperatures until PQ is crossed. After crossing 
slight supe rheating will occur, and then the drift toward the equilibria of hig! 
temperatures will begin. 

To picture the significance of the family of curves to which R, M, and 53g 
R’ and S’ belong, they may be considered as contour lines on the map of a valine 
of a mountain stream emerging from a narrow gorge at P and which graduaj., 
widens to a broad and relatively level plain between curves S and S’. 
altitudes so indicated would represent the rapidity of the drift toward PQ sho ‘ 
by glass at different temperatures and in conditions corresponding to differ tabl 
equilibria, hon 
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noes caused by the heating cycles imposed on the glass samples 

ing the expansivity tests with those results previously secured 

m the density changes observed in the same glass and already 

ribed in the papers cited. 
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FicgurE 1.—Diagram showing the effects of heating and cooling 
conditions on properties of glass 





the practical annealing range of this glass lies between the approxi- 
ie limits 370° and 470° C. At the lower temperature the time 
ured for a practically complete relaxation of stresses and the 
ublishment of a physicochemical equilibrium considerably execeds 
ionth; while at the upper temperature it is of the order of one hour. 
im the previous investigations it had also been found that the 
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original cooling of the pot of glass had been such that the effy 
annealing temperature was between 400° and 410° C. It had 
been found that small pieces could be cooled in air at atmos) 
temperatures from all temperatures below 420° C. without int 
ing permanent stresses materially exceeding the tolerances req; 
for well-annealed glass. Furthermore, below 400° C. a much gj 
cooling did not, it appeared, give the glass the opportunity to {j 
the course of equilibrium conditions (indicated in fig. 1 by the 
PQ) but compelled it, rather, to follow the courses of normal or 
expansivity conditions represented by the lines designated by 4 
etc. From temperatures above 450° C., however, chilling in ay 
pheric air was not drastic enough to prevent all drift along PQ a 
was necessary to resort to quenching in water whenever, for exay; 
it was desired to make the glass follow closely the line C. Eve 
drastic treatment fails to halt the drift along PQ if the quenchiy 
from temperatures in the range above the approximate limit 5() 
This need of increasing the severity of the chilling whenever 
quenching temperature is raised and whenever it is at the same 
proposed to prevent a drift along PQ reflects the rapidity with w 
the rate of approaching a physicochemical equilibrium increas 
the temperature of the glass rises through the annealing range 

The fixing of the more or less definite temperature limits given «| 
for the different cooling treatments has, of course, no justific 
except that it aids in presenting the results of experience. Ino 
words, anything but an arbitrary setting of such limits is preci 
just as it is in the case of fixing limits for the usual or practical ani 
ing range. 


2. HEAT TREATMENT OF SAMPLES 


Since the intention was to measure the expansivities and permat 
dimensional changes on several samples each of which should be 
condition which corresponds to a different position on the line 
nine lots of small glass pieces were prepared, each lot being ! 
enough to make several test specimens. Eight treating temperai 
(360°, 370°, 390°, 400°, 420°, 440°, 470°, and 620° C.) were cho 
and the heating periods at these temperatures varied from a 
minutes at 620° to more than one and one-half months at 360°. 
had previously been found that the required treating period coul 
approximately halved for each 8° or 10° C. increase in the trea 
temperature. The lot treated at 620° was quenched in water, 
remainder were air chilled. Despite the smallness of the pieces 
lots treated at 620° and 470° C. drifted during the first part o! 
cooling toward physicochemical equilibria corresponding to temp 
tures well below their respective treating temperatures. With 
higher temperature the magnitude of the drift probably approa 
100° C., but with the lower (470° C.) it was much less. For the 
of the samples it is believed the drifts were inappreciable. It 
found, however, that the treatment given at 360° C. was too sho 
reduce the glass completely to equilibrium at that temperature. 


3. PREPARATION OF TEST SPECIMENS 


As the present investigation was more or less preliminary, varia 
in the size and shape of the test specimens were tried. The! 
usual shape, however, was that of a pyramid whose base was ‘0 
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‘t rested on three well-separated feet, thus supplying the stability 
bred of a separator in a sensitive Fizeau interferometer. ‘The sur- 
‘of the feet and the apex were smoothly rounded so that there 
d not be, at the higher temperatures, an undue deformation at 
ints of contact between the specimens and the two fused quartz 
bs; used in the interferometer. In each test a set of three such 
mids all having practically the same height were, of course, needed 
rye as separators in supporting the upper plate at the desired 
nce above the lower one. The final height adjustments required 
ve suitable interference bands for expansivity measurements by 
method have been described in sufficient detail by C. G. Peters 
his associates in the articles cited. The height of the pyramids 

different times ranged between 1 and 5 mm, and was in every 
carefully measured on a special disk anvil micrometer. In gen- 
the pyramids with broad bases and relatively short altitudes gave 
nost consistent results; presumably because of two reasons—their 
ter stability and the closer adherence of their temperature to that 
be bottom interferometer plete which, as described later, was used 
termine the temperatures. 


4. THE FURNACE 


he interferometer system formed by the quartz plates and these 
jmidal test specimens was heated and cooled during the expansi- 
measurements in a tubular electric furnace similar to that 
ribed by Peters and Cragoe. A helix of aluminum tubing buried 
he thermal insulation and surrounding the heating coil consti- 

, however, one modification. Through this tube a flow of some 
or * Higuid could be used to maintain the desired rate of cooling. 
ther modification consisted in replacing the customary porcelain 
containing the interferometer by a thick-walled one of aluminum. 
cup served better to equalize the temperatures of the interferom- 
a The introduction of these aluminum parts restricts 

se of the furnace to temperatures below 600° C., since the 
ing point of aluminum should not be too closely approached. 
ther respects these aluminum parts proved satisfactory, and 
higher temperatures other metals are available. The heating 
cooling rates employed in the tests recorded here approximated 


5. THE TEMPERATURE MEASUREMENTS 


vo methods of determining the temperature were used. In the 
,& thermocouple with its hot junction in contact with the base 


ie aluminum cup containing the interferometer was employed in 


usual manner. This served mainly as a control of the heating 
s, but it also gave a check on the second method particularly 
u the temperature was being held constant. The second me ‘thod 
ama of using the lower interferometer plate " as a “refraction 
lometer”’ and was depended upon to give a more accurate 


mination of the actual temperatures of the test specimens, 


‘they were in direct contact with this plate. In reference to this 


id Cragoe, B. S. Sci. mapery No. 393; 1920. Merritt, B. S. Sci. Paper, No. 485; 1924. Peters, 
P aper No. 521; 1926. Merritt and Peters, J. Am, Cer. Soce., 9 p. 327; 1926. 
plate was designed and calibrated for this purpose by Mr. Merritt, who plans in the near future 
) the method more fully. 
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plate it will suffice to say that its thickness and the relative inelip, 
tion of its surfaces were such that it gave a satisfactory set of straigh 
interference fringes which shifted approximately one fringe for egg 
5° or 6° change i in temperature. As the movement of these fringe 
was at ail times very regular throughout their length, and sinc , 
shift can be estimate ‘d to a tenth of a fringe with considerable aCCUr 
acy, the precision of the temperature determinations was of th 
order of a half degree. If desired, the top plate may be so designg 
that a part of it may also be used as a refraction thermometer. 
this way the axial temperature gradients existing in the space con 
taining the test specimens may be determined; but the number 
fringe systems requiring practically simultaneous attention is the 
such that a chronograph or other suitable system would be desira)jj 
for recording the passage of the fringes 


6. THE MEASUREMENT OF FRINGE DISPLACEMENTS 


The shifts of the fringe system of the bottom plate and of that: 
the air wedge determined by the lengths of the test specimens betwea 
the two plates were determined by means of the usual equipmes 
which is described in the articles ‘cited. With the exception of | 
few cases where the test specimens were so tall that the air fringe 
anneal very rapidly past the reference point on the top plate ai 
in such numbers that to have recorded all of them would have bec 
too laborious, the time of practically every such passing of a whol 
fringe was recorded. As each air fringe count was recorded, th 
number and fractional part of the refraction thermometer fring 
which passed the reference point up to that time was also recorded 
When the test specimens were relatively small or the temperatw 
was being held stationary it was occasionally considered advisabl 
to increase the number of observations on the air fringes beyon 
that of the whole bands. The labor required in recording the increas¢ 
number of observations is compensated for by the advantage gaine 
when it is found necessary to correct any count which proves to hav 
been erroneous because of the accidental omission of a whole ban 
and also by the greater certainty regarding the trend of the curv: 
in graphical representations of the data. Furthermore, any i 
stability on the part of the interferometer system is also more readil 
detected by using a larger number of points. 


7. THE HEATING CYCLE 


The upper limit of the heating cycles was chosen with the specit 
purpose of keeping the glass at temperatures where it would n 
deform appreciably ra er the weight of the top plate. At the san 
time it was necessary for the chief purpose in view that this lim 
should be in the range where a physico-chemical equilibrium wou 
be practically reached in a few hours if the time for procuring t 
data on a complete cycle was not to be too long. Preliminary tes 
showed this limit to be both safe and convenient when between 44 
and 445° C., since at this temperature a large portion of the dimet 
sional changes due to physico-chemical processes were complet 
within two hours although appreciable deformations were not d 
tected after the heating had been continued for several hours. 1! 
heating cycle, therefore, consisted of heating the interferomett 
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stem, formed by the two plates and three pyramidal spacers all 
ntained in the aluminum cup, at approximately 3° C., per minute 
om room temperature to 443° C., holding it there until the ex pan- 
on due to physico-chemical changes appeared to be complete, and 
of f cooling it to the starting temperature at approximately the 
ate. At ; the end of such a run the glass spacers were, in general, 

er Jong rer or shorter, depending on the initial condition of th 
If the effective treating temperature corresponding to this 
tial condition was below 443° C., the length of the spacers was 
nerves ints by the cycle; if it was above, the length was decreased. 
he 3 ms f these changes is controlled chiefly by this dif- 
rence botwe een the initial effective treating temperature and the 
perature of the cycle, but it will naturally be reduced 
» holding period is insufficient and will be somewhat affected 
+ the changes which progress during the cooling. To insure against 
sufficient holding periods a second, and sometimes a third, run 

ras made. 


) 
on 


IlI. EXPERIMENTAL RESULTS 


All de tails, such as the formula required, the corrections which must 
applied because of the air density changes, and so on, which are 
wolved i in conver ting the fringe displacements caused by the chang- 
altitudes of the pyramidal spacers into changes in length per 
entimeter have been sufficiently described in the articles mentioned 
bove. Figures 2 to 7 represent graphically the changes in length 
ith temperature which were obtained for the differently treated 
amples. To make sure that the curves shown represented with 

cient fidelity the expansions and contractions which should result 
in the previous treatments of the samples two or more sets of 
sagen from each of the nine lots were tested. Not infrequently 
neve occurred during these runs (usually after the first heating) 
ert cs 1 small abrupt fringe displacements which appeared to be in no- 
ise related to the temperature of the glass, and although their 
ater magnitudes seldom materially affected the general result 
jany run thetr occurrence did make repetitions of the tests even 
nore desirable. Such repetitions revealed that these abrupt dis- 
wements were entirely accidental and that in most cases they 

id be either compensated for by taking into account the two or 
nore sets of observations or entirely neglected in deciding upon the 
list probable trend of the expansion curves. Since the curves in 
¢ figures lie so close together, it was found impossible to show the 
ints corres ponding to each individual observation and conse- 
ently only the smooth trend is given. This procedure does not make 

e displacements evident, but. they were none the less definite. 

With regard to the cause of these accidental effects, they seemed 
»be induced chiefly by the difference in the expansions of ‘the glass 
Pe nids and the fused quartz plates in contact with them. “The 
lect of this difference was probably exaggerated by the slight tem- 
erature differences existing between the top and bottom plates. 

0 long as the specimens slipped freely on the plates the differential 
Hpansion caused little trouble; consequently, most of the { first heat- 


nborn, Sprechsaal, 61, p. 99; 1928. This author has published considerable data on the ¢ pan 
ued glass rods, 
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ing after the exposure of the interferometer to ordinary atmosphe; 
conditions was accomplished without any marked irregularities B 
movement. These were likely to appear, however, as soon as th 
heating had cleared away the possible lubricating films of ZASes, ety 
They were, therefore, presumably caused or ace entuated by. & gradi 
tilting of the spacers when these did not slip properly on the plats 
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TEMPERATURE 
Fiacure 2.—Expansion curves obtained on a sample of glass previous; 
treated at 360° C. for 47 days and cooled in air 


First cycle-—Heating curve indicated by broken line, cooling curve by continuous line. Held 
at maximum temperature approximately one hour. 

Second cycle.— Heating curve indicated by crosses, cooling curve by circles. Held at maximum 
temperature approximately 15 minutes. 

The unit w (one micron), used in the ordinates, is 10-4 em. 


This action changed for a time the apparent rate of expansion whit 
was in most cases ultimately compensated for by a return of the 
interferometer system to stability. At times this return would } 
abrupt; at others it was gradual, often causing the apparent expan 
sion curve to show changes in ‘slope which might be erroneous 
interpreted as indicating some change in the glass, These erratl 
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ects are apt to be very troublesome in obtaining cooling curves 
henever the heating has been pushed to temperatures where the 
pacers adhere” slightly to the fused quartz plates. This occurs to 
pme degree with smooth plates, but much more often and to a greater 
tent with plates which have become somewhat roughened and thus 
low the glass to fit into and grip their surfaces. 

The curves in Figure 2 show essentially how the glass of the sample 
reviously treated at 360° C. follows, on the first heating, a normal 
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TEMPERATURE 
Figure 3.—Ezpansion curves obiained on sample of glass untreated except 
for the usual cooling in the pot 


For description of cycles see remarks under Figure 2 and in text 


expansivity curve (similar to A and B in fig. 1) until the line corre- 
sponding to equilibrium conditions (PQ in fig. 1) is crossed.’ This 
rossing probably occurred shortly after reaching 370° C. because it 
was found that the treatment at 360° C. had not been long enough 
to produce more than the effect of a completely effective treatment 
at370° C. This would mean, in view of the rate of heating employed, 
that shortly after reaching 370° C. (possibly near 400° C.) the ap- 
parent expansivity should increase somewhat because of a drift 
toward equilibrium. This drift, which in this case is not very marked 
until 420° C. is reached, signifies the introduction of a ‘‘permanent”’ 





“Klemm and Berger, Glastechnische Berichte, 5, p. 405; 1927. 
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increase in volume. Although the temperature was maintaino 
practically constant at the holding temperature, 443° C., the jp. 
crease in length during the holding period was almost a sixth of th 
total change which took place due to normal thermal expansion 
between room temperature and this holding temperature. 
Considering the low internal mobility of the glass and its resultan; 
slow change toward equilibrium at this and lower temperatures, ths 
rate of cooling, 3° C. per minute, is rapid and, consequently, ¢h 
curve representing the first cooling shows only a relatively smal 
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TEMPERATURE 
Figure 4.—Expansion curves obtained on sample of glass treated at 42 
for five days and cooled in air 
For description of cycles see remarks under Figure 2 and in text 


return drift toward any equilibrium for a lower temperature. 4 
result the major part of the change at the holding temperature w 
retained until room temperature was reached and this change m2 
therefore, be termed a permanent one, although it is no more perm! 
nent than the opposite change which of necessity preceded it dur 
the annealing treatment of the sample at 360° C. The second cy¢ 
of heating, holding, and cooling produced a slight additional increas 
which was mainly due to the fact that the first holding period W 

too short. In fact, experience would indicate that when start! 

with the glass in the condition of this sample both these cyclic tre: 
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ents combined were insufficient to produce more than possibly 
nine-tenths of the change which would normally follow the establish- 
ment of complete equilibrium in this particular sample at 443° C. 
To attempt to gain the whole change would, however, be too tedious 
in an investigation of this sort. This is true since the process of 
epproaching equilibrium is aperiodic; that is, it proceeds endlessly 
but at a continually decreasing rate. 


Vu 





{ST HEATING 
1ST COOLING 
2NO HEATING 
2N® COOLING 


IN LENGTH 


o 
Zz 
< 
u 








! ! _f 
200 300 400 “e 





TEMPERATURE 
FicurE 5.—Ezpansion curves obtained on sample of glass treated at 470° C. 
for three hours and cooled in air 


For description of cycles see remarks under Figure 2 and in text 


librium at a temperature slightly over 400° C., consequently, in 
tus case also a noticeable increase in the rate of expansion did not 

uw until 420° was reached. The change occurring at the holding 
‘mperature was not so great as in the previous case, but, as before, 

‘second cycle increased this permanent change slightly. 

the next case was of interest because it had been previously esti- 
lated that the treatment involved in these heating and cooling cycles 
‘the expansivity tests should be approximately the equivalent of an 
tiealing treatment which would produce equilibrium at 420° C. 
‘us appears not to have been entirely correct, since the curves in 
‘gure 4 (see also curve £, fig. 7) appear to show that 430° C. would 
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have been a closer estimate, a conclusion supported by the curs 
obtained for the sample treated at 440° and represented i in Figure? 
by curve C. In Figure 4 the permanent change in length after th 
second heating was “unduly large in comparison to that found atte 
the first. T his may be due to ” either or both of two causes—eithe 
the holding period of the first cycle may have been too short or they 
may have been a slight difference between the holding Ace 8 
The latter appears more probable, since to stop a steady rise in tey 
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TEMPERATURE 
Figure 6.—Ezpansion curves obtained on sample of glass treated at 620° C. 
for 15 minutes and quenched in water 


For description of cycles see remarks under Figure 2 and in text 


perature of 3° C. per minute abruptly at a given point without errr 
requires, to say the least, considerable manipulative skill. 

In Figure 5, which represents the results obtained on the sample 
treated at 470° C., the condition was reached, as was also the cast 
of that treated at 440° C. , where there was no actual crossing of the 
equilibrium sequence PQ (which if incorporated in this figure should 
lie to the right) by the expansion curves; that is, the equilibrium 
temperature established by the treatment of the sample was above the 





] Changes in Glass by Heating 643 


olding temperature employed in these expansivity tests. In con- 
juence the specimens from this sample suffered permanent contrac- 
ons after both cycles. The contraction began at temperatures as 
was the 350° C., on the first heating. In measurements on samples 
ich as these which have been chilled rather severely in the attempt 
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TEMPERATURE 
FiagureE 7.—Composite diagram of the expansion curves obtained 
rves A, B, C, E, F, G, H, and I represent the first heating curves obtained on the samples 
previously treated at 620°, 470°, 440°, 420°, 400°, 390°, and 370° C. ‘he sample corresponding 
to curve E was untreated. The first cooling curves coincide roughly with the edge of the 


shaded portion D nearest the corresponding first heating curve. The cooling curves of the 
second cycle coincide approximately with a median !ine through the shaded portion. 


to obtain a condition at room temperature which will correspond to 
a position well up on the sequence PQ (see fig. 1) mechanical strains 
introduced by this treatment will usually be quite troublesome, since 
they add considerably to the instability of the interferometer system 
and produce small disturbing displacements similar to those previously 
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discussed. The effects produced by the strains, however, are alnyg 
as likely to cause an apparent expansion as they are an appar 
contraction. Furthermore, if the test specimens are  propeh 
designed, these apparent length changes are, in general, very my: 
smaller than the permanent contractions due to changing equilibriy, 
conditions. . 

Figure 6 representing results obtained on the sample ™ quench 
from 620° C., shows a still more pronounced permanent contractis, 
In this case it appears to have begun below 250° C. on the first heatiny 
and reached such proportions near 350° C. that it overshadowed | 
normal expansivity and changed it into an apparent negative coo. 
cient for rising temperature. At the holding temperature this co 
traction continued for some time, and practically stopped on 
when physico-chemical equilibrium at 443° C. was, from a relatiy 
standpoint, not far removed. 

From Figures 2 to 6 it will be noted that, as indicated by {! 
curves for the second cycle, the total change in length caused }y 
the normal expansivity on ccoling from 443° C. to room temperatuy 
was in all cases practically the same; that is, it was in the neighborhood 
of 41 or 42 microns per centimeter. This contraction caused by th: 
cooling of the second cycle over this temperature range shoul 
obviously be the same for all of the samples, provided the first cy 
was practically sufficient to produce in every case a normal equilibriun 
‘ondition at 443° C. In view of this, it was possible with very lit 
adjustment to construct a diagram which includes curves for all the 
various samples and in which all of the cooling curves for the secon 
cycles practically coincide. Figure 7 is such a diagram and in it {! 
curves A, B, C, FE, G, H, and I correspond, respectively, to the rest 
obtained on the first heatings of specimens from the samples treated a! 
620°, 470°, 440°, 420°, 400°, 390°, and 370° C. Curve F corresponts 
io the original untreated glass, while the shaded portion, D, is so out 
lined that it is bounded in the majority of cases by the curves of th 
first ccolings and contains those of the second heatings and cooling: 
{t will also include the curves of all succeeding cycles so long as th 
particular schedule used in these tests is followed. It will be evident 
that this whole diagram may be considered as occupying an are 
which in Figure 1 is bounded approximately by the lines A, A”, C’ 
and ©. It must be remembered, however, that Figure 1 was con 
structed on the basis of more or less indefinite heating and coolin 


conditions and through the use of assumed values for the constants of 


the glass; that is, it is merely a generalization in which the constant 
were chosen mainly according to convenience so long as they did no 
appear unreasonable. Consequently, a perfect correspondence cil 
not be expected, and for that reason the agreement obtained seem 
striking. 

IV. CONCLUDING DISCUSSION 


The permanent changes in length noted after the test specime. 
from the various samples had been subjected to these treating cycle 
are indicated in Figure 7 by the ordinate differences at 20° C. betwee! 


a central position in the shaded portion, D, and the curves B, J, et 
ft 


“aking into consideration all the determinations obtained on th 





a “ 2 ° ® : tah ¢ heir 
This was part of the quenched sample used in a previous investigation, the results of which are 
wrepared for a future publication. 
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Changes in Glass by Heating 645 


pmples treated between 370° and 470° C., it was found that the 
pdicated total permanent change in length which could be pro- 

ied in this particular glass between these treating temperatures 
as between 17 and 18 microns per centimeter. While the magnitude 

such a change can not be determined by this method with the pre- 
sion reached when the corresponding volume change is obtained 
om the determinations required in careful density measurements, 

should still approximate the linear change which may be computed 
om these more precise volume determinations and which had previ- 
usly been found to be very nearly 16 microns * per centimeter for 

difference of 100° C. in the treating temperatures. That this 
ore precise value is lower than that above i is not surprising, since 
he density changes were determined on large samples which at high 
reating temperatures allow, because of their size, a relatively larger 
rift along the equilibrium sequence than that which was permaatt ted 
by the smaller and more easily quenched samples used for this in- 

estigation. One factor leading to greater precison in the density 
measurements arises from the fact that changes in shape have no effect 
nsuch measurements while they always present difficulties in linear 
bxpansivity tests. 

This medium flint is, of course, not a thermometer glass, although 
ests have shown that its annealing range approximately coincides 
vith the lead glasses often used in thermometer stems. For that 
eason it is interesting to compute the ice-point displacements which 
ight be expected if both the bulb and stem were made from it. 
ince the linear change per degree is approximately 1.6 x 107° it is 
een that in round numbers 5X 107° may be considered as the volume 
hange per degree change in the effective annealing semaine. 
\s the differential expansion per °C. for this glass and mercury would 
about 1.5 10~*, this means that for every degree reduction in the 
flective annealing temperature there will be a rise of 4° C. in the 
he point. If such a thermometer were carefully annealed at 400° C. 
fore being filled and calibrated to that point, it would later, on 
being held for a few hours at 390° C., which is presumably a safe point 
on the scale, considering that it extends to 400° C., show a rise which 
might well exceed any tolerance ordinarily required. Actual tests 
have shown that some of the 400° C. thermometers on the market 
‘have in just this manner. In fact, holding them in the range be- 
tween 380° and 390° C. for two weeks will, occasionally at least, 
produce displacements which exceeds +10° C. If the ice point is 
determined both before and after use at these high temperatures, 
such a change, since it occurs slowly is, of course, not so important 

ind becomes a mere nuisance. As a matter of fact, however, these 
the ermometers should not be graduated higher than 350° C.; and, 
moreover, not to that point unless they have been so carefully annealed 
that the effective treating temperature has been brought well below 
wl C. Reducing the effective annealing temperature below the 

pper limit of the scale is of little benefit in the case of such ther- 

“a rs if they are graduated to 400° C., because if this temperature 
has been reduced to 380° C., for example, any extended use of them 
at 390° C. will then produce a considerable ice-point depression. 





‘The approximate values for the change in density per ° C. decrease in the effective annealing temper:- 
ire, the density and the linear expansivity are vo fil 16X 1075, 3.35 g/em$, and 0.9X 105 per ° C, 
see Tool and Hill, Trans. Soc. Class Tech., 9, p. 199; 1925. 
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Using a low annealing range glass of this sort in the stem anj, 
glass with the same expansivity but a higher annealing range in ij 
bulb in order to reach 400° C. has possibly, in relation to this partic 
type of ice-point displacement, some advantages but is also likely, 
cause difficulties of a somewhat different character. These will ; 
from the fact that it is impossible to anneal both glasses {ly 
oughly, since to properly anneal the bulb would endanger the sy 
through softening; while if the stem alone is well annealed ther») 
be throughout the annealing period a clamping effect upon the }y\ 
at the line of fusion. This effect caused by the greater shrinkage \ 
the stem will be difficult to eliminate if it is introduced by anneal 
at low temperatures; and as soon as the thermometer is used at tex 
peratures above the effective annealing point of the stem, the cq 
sequent disannealing will reduce the effect and it may even introduy 
a temporary spreading effect. Such distortions of the bulb wou 
naturally lead to erratic results, especially if the thermometer; 
employed at too high temperatures. 

These particular clamping and spreading effects which appear y 
junctions and which result, during heating and cooling, from diffe 
ences in annealing temperatures, have a very wide significance wher 
ever two or more glasses, which may even be only slightly differen 
are required in fashioning an article. In fact, it is evident that besids 
the normal expansivities two other factors, the expansions (or co 
tractions) caused by changes in physico-chemical equilibrium co nt 
tions and the annealing ranges, must be considered whenever 
glasses are fused together. Even in an article made entirely of ox 
class the first of these two factors may assume considerable impa 
tance as a cause of breakage if the heat history of all parts of ih 
article has not been the same and particularly if the whole artic! 
is not properly annealed subsequent to its fabrication. This shou! 
be evident from the curves presented, since they show that th 
‘‘pnermanent”’ change may easily exceed a sixth of the normal therm 
expansion incurred in heating the glass from room temperature to th 
annealing range. 

It will be noted that the normal expansivity of this glass as ind 
cated by the slopes of the curves below the annealing range vee nf 
appear to vary greatly and that changes in the heat treatment cd 
affect it materially. What might seem to be a large variation at th 
higher temperatures has been shown to be due mainly to the “per 
manent’”’ dimensional changes which have been the subject of this 
article and which are not related to the true expansivity of the glass 
Any change in the equilibrium condition of the glass should cause, 
however, some change in the true expansivity, but normally thi 
change in the expansivity is not likely to be more than a few per cent: 
In fact, it is to be presumed that the total effect which any such c hangs 
in this ‘coefficient might cause in cooling from the annealing range to 
room temperature would normally be less than the ‘ ‘permanent’ 
change in length which is possible as a result of changing the equi 
rium temperature through a relatively small interval. 


WASHINGTON, June 19, 1930. 
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CURATE METHOD OF MEASURING TRANSMITTED 
VAVE FREQUENCIES AT 5,000 AND 20,000 KILOCYCLES 


R SECOND 
By E. L. Hall 


ABSTRACT 


measurement of the frequency of a radio transmitting station offers a 
venient means of intercomparison of frequency standards. While there have 
n several articles published dealing with station frequency measurements, 
have, for the most part, considered frequencies in the broadcast band or 

Th is paper describes a method of measuring station frequencies appli- 
bc to any frequency, but dealing primarily with frequencies of approximately 
() ae 90,000 ke. "A high order of precision is obtained by the use of har- 
nies and audio-frequency beat notes. Most of the units of the equipment 
loved have been previously described in connection with other applications. 


ne 


‘he measurement of the frequency of a radio transmitting station 
vs a means of intercomparison of the frequency standards of two 
more laboratories, which may be in different countries, and of cali- 
hting secondary frequency standards in various laboratories. 


é above applic ‘ations have been used with increasing accuracy as 


ovements in radio apparatus and technique of measurement have 
me available. However, the accuracy obtainable in the inter- 
mparison of two frequency standards in this manner may be 
rprisingly good if suitable measurement methods are chosen, as 
| be shown later. 
f 1923 and 1924 simultaneous measurements were made upon the 
nsmissions of some of the transoceanic telegraph sta tions by two 
iopean laboratories and the National Bureau of Standards. The 
reement was of the order of 0.2 per cent. 
The method of measurement described by Royden,! using a fre- 
y meter, is stated to readily give an accuracy of 0.1 per cent. 
ile the frequency range covered is not stated, measurements at 
oon 20 ke are mentioned. 
ear ago the frequencies of the European broadcasting stations 
by We measured with an accuracy of 0.02 per cent,’ using the 
Situs and methods described in papers by Braills rd and Di- 
we.’ *° Refinements in the method not usually used were said to 
crease the accuracy to a few thousandths of 1 per cent. 
Frequency measurements upon broadcasting stations as described 
‘Bogardus and i ® were made with an accuracy of about 





ge T. Royden, The a Saaiidiancine Checking Station at Mare Island, Proc. I. R. E., 15, pp. 313-318; 
V. A F. ¢ Griffiths, Accurate Wavemeter Design, Wireless World (London), 26, p. 113; January 29, 1%: 
ind Divoire, The Exact illand Precise Measurement of Wave Length = = adio Transm itting 
, Exp. Wireless & Wireless Engineer (London), 4, pp. 322-330, 394-401; 
De il rd and E. Divoire, How Broadcasting Wave Lengths are ‘Checked. ” Dese ription of the 
tional Listening Station at Brussels, Wireless World, 22, Pp. 219-222; 1928. , a 
Br il ard and E. Divoire, Measurement of Wave Lengths of Broadcasting Stations, Exp. Wireless 
teless Engineer (London), 6, pp. 412-421; 1929. 
1 L. Bogardus and C. T. Manning, The Routine Measurement of the Operating Frequencies of 
ist Stations, Proc. I. R. E., 17, pp. 1225-1239; July, 1929. 
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a hundredth of a per cent. The same order of accuracy is obtgigg 
by the method used in. Italy by Pession and Gorio.’ 

Radio transmitting sets of a few years ago had no means 
accurately controlling the frequency such as is now possible with 
piezo control which is maintained at a constant temperature. | 
radio transmitting set can be relied upon to maintain its frequey 
quite accurately, it is no longer necessary that simultaneous frequey 
measurements be made in order to obtain accurate frequency cy 
parisons. There are probably very few technicians accustomed ; 
making frequency measurements of high precision, who wo 
guarantee to make such measurements at definitely prescribed tin 
because of various kinds of interference which invariably occu 
such times. This is true at least in a radio laboratory where seve 
may be engaged on various kinds of testing work at the same ti 
and electric motors and other apparatus may be producing interig 
ence. However, if the transmitting set remains constant, measuy 
ments can be made as convenient and consistent results can | 
obtained. 

Some months ago the bureau undertook to measure the frequen 
of the transmitted wave of NKF, Bellevue, D. C., which was appr 


mately 20,085 ke. This transmitting set is piezo-controlled by 


quartz plate with a frequency of approximately 2,510 ke. Success 
frequency doubling stages are employed. During  preliminy 
measurements an antenna was temporarily connected in to the 5, 
ke stage and then to the 10,000 ke stage, as well as to the final stag 
The transmission could not be picked upon on the 10,000 ke tran 
mission, presumably because the bureau was within the skip-distan 
for this frequency and the ground wave was not of sufficient strengt 
As both the 5,000 and 20,000 ke transmissions could readily | 
picked up, it was thought desirable to have both these frequena 
transmitted and use the measurements on one frequency as a che 
on the measurements at the other frequency. This was accomplish 
through the courtesy of Dr. Taylor and his associates at the Nav 
Research Laboratory. 

The measurements here considered have been made upon speci 
transmitted signals, the part used in measurement consisting 0! 
long dash. While the method can be employed upon the key 
signal of a station, yet it loses its great precision in such a ct 
because it is difficult, if not impossible, to match a steady note p 
cisely with an intermittent or broken note. Experience has sho 
the necessity of an identifying signal, such as the station’s call k 
ters, but these should be kept to a minimum, and the dashes i 
measurement purposes made to predominate. 

Most of the apparatus used in the measurements has been 4 
scribed in other papers.* * '° The paper® on testing piezo oscillato 
states that the method described is also applicable to the measu! 





7G. Pession and T. Gorio, Measurement of the Frequencies of Distant Radio Transmitting Sts 
Proc. I. R. E., 17, pp. 734-744; April, 1929, and Sulla Misura Della Lunghezza D’ Onda, Pession and @ 
Elettrotecnica (Italy), 15, pp. 524-530; 1928. A 

8 E. L. Hall, A System for Frequency Measurements Based on a Single Frequency, Proc. I. B. 5, 
pp. 272-282; February, 1929. 

9 E. L. Hall, Method and Apparatus Used in Testing Piezo Oscillators for Broadcasting Stat 
Jour. Research, 4, pp. 115-130; January, 1930; also as Research Paper No. 135, obtainable from Sup 
tendent of Documents, Government Printing Office, Washington, D. C., for 10 cents. Proc. 1.5 
18, pp. 490-509; March, 1930. 

10 N. P. Case, A Precise and Rapid Method for Measuring Low Frequencies, B. 8. Jour. Reseatt), 
(RP195), p. 237, 1930; and the Proc. I. &, E, 
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station frequencies. Since the paper was prepared, the 

; 1as obtained a very accurate primary standard of frequency, 
Silar to that deseribed by Marrison."" The frequency measure- 
nents are based upon this new standard rather than upon the stand- 
;d mentioned in the previous reference.’ 

The method of measurement is the familiar one consisting of tun- 
1 a receiving set to the frequency of the station to be measured, 
jiusting a radio-frequency generator to the same frequency or 
me harmonic of it, and measuring the frequency of the generator. 
he frequency relation between the generator and the receiving set 
eing known, the frequency of the sional i is readily obtained. 
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Figure 1.—Schematic diagram of apparatus used in measurement of 
station frequencies in terms of the primary frequency standard 












































In order to explain the refinements making for increased precision 
nd accuracy in the measurements to be described, reference is made 
0 Figure 1. The radio receiver FR is adjusted to the desired station 
ial, as for example, 5021 ke, and left in a nonoscillating condition. 
‘he generator P is then adjusted to “zero beat” with the radio 
posiver, and a reading taken upon the frequency meter W. Gen- 

itor P is then adjusted away from ‘‘zero beat’’ until beats are 
btained by matching with the note from a tuning fork 7, which 

held in the hand and struck with a small mallet as desired. A 

econd reading is taken at this time upon the frequency meter W, 
ie readings of which are used in recording the direction from zero 


7 





NM 


otnote 9, 


uw W. A. Marris Ag A High Precision Standard of Frequency, Bell System Tech. J., 8, pp. 493-514: July, 
29; also Proc. I. R. E., 17, pp. 1103-1122; July, 1929. 
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beat where the precise measurement is made. Further discuss 
of the frequency at which generator P is set for the measureny 
will be given after describing the remainder of the procedure. 

The 10 ke generator G is controlled by the primary standard 
which supplies current at 10 ke. Generator G is of the Hartley 
having a grid resistor across which the control voltage is ieee 
It remains in control over a considerable capacity change. }) 
monics of the 10 ke generator G have been used in measurements ; 
high as the 290th, but, generally speaking, harmonics below }y 
this order are usually used. 

The detector-amplifier, described in a previous paper,’ pie ks 
the beat frequency between generator P and generator G, as heard y 
telephones U. This beat frequency is matched with a deslies | 
quency from the audio-frequency generator AF as heard in the te 
phones V, at a time when the setting of generator P gives a be 
note in the telephones 7 matching tuning “fork TF. 

The characteristics of the generator AF are such that it will mar 
tain its frequency over long periods. However, the calibration is 
relied upon, and the output is sent into a mixing unit M or modula 
which also receives a thousand cycles per second output from ¢ 
primary standard S. The resulting beat frequency output from J 
is sent into the direct-reading frequency meter /’, described 1 
previous reference, which is checked against the hundred cyck 
per second output of the primary standard S. The frequency m 
F is limited in range from 5 to about 200 cycles per second, but bj 
use of the modulator M and the 1,000-cycle output from S, measw 
ments in this range around the harmonics of 1,000 cycles per secon 
“an be made. 

If it is desired to measure a frequency of approximately 
ke, for example, with generator P set at such a frequency, the det 
tor-amplifier A could hardly be expected to pick up the 2,008 
harmonic of generator G. If it did, there would be an audio-fr 
quency note of 5,000 cycles per second, which can not be measun 
with this equipment. Harmonics of the generator P, however, wi 
be slike ‘d up by the radio receiver R, so that if P is set at 1/40 of! 
or 502 ke, the beat notes work very nicely throughout the syst 
In other words, when generator P is off of 1/40 the frequency | 
R to match tuning fork TF, the telephones U connected to Ap 
duce a note against a harmonic of the standard 10 ke generator 
which can readily be matched with the note in te lephones V 
checked up with the frequency meter F, coming within the rang 
2,000 + 200 cycles per second. Tuning forks of several frequen 
have been used to obtain check values agreeing to the order | 
part in 10°. j 

For check measurements at 5,021 ke, generator P is set in a sim 
manner. If the same tuning fork is used, a slightiy different ) 
frequency is produced from that at 20,085 ke. In order to mii 
measurements with the above apparatus at a given frequency, ti 
harmonics and beat notes employed must bear certain relations t 
each other, as are stated below. 


PAIRIN 





12 See footnote §, p. 648. 
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frequency to be measured, which is approximately known 

from frequency assignment. 

frequency to which generator P is adjusted. 

audio-frequency note produced after generator P 1s precisely 

adjusted in certain relationship to frequency X. 
A should have one of the values previously me ntioned ; that is, 
5 to 200, 1,000 + 200, 2,000 + 200, etec., cycles per second. 
H must have a value such that— 

A is satisfied. 

(2) Beat note between generator P and 10 ke generator G 
comes in the range preferably from 100 to 2,500 cycles 
per second. 

Beat note between harmonic of H and frequency X 
should come between 400 and 1,500 cycles per second 
in order to be easily matched. 

The frequency setting to be preferably under 1,000 ke. 
(Measurements have been made at three times this 
frequency.) 

While the above conditions may seem to be quite formidable, 
actice several solutions may be possible. Several arses 
e possible by varying (3), using tuning forks of different frequencies. 
Data taken on the piezo- -controlled transmitting set at NIKF upon 
quencies of approximately 5,021 ke and 20 085 ke gave prac- 
ally the same results by the above method, altho ugh five different 
itions as to beat note produced were used. It was of interest 
find that measurements made at the Naval Research Laboratory 
‘an entirely different method and in terms of a different standard, 
eed with our results within about 2 parts in 10°. 
A consideration of the possibilities of error in the measurements 
ay be of interest. Consider the measurement of 20,085.000 ke. 
he radio receiver, when properly set, will not introduce an error. 
the radio-frequency generator was set at 1/40 the frequency to 
uch the radio receiver was adjusted, it ai be set at 502.125 ke. 
it can not be set accurately here, the 40th harmonic of the gene- 
ior is made to produce a 1,000 cycle difference frequency with the 
coming signal. If the generator is set low, its frequency will be 
02.12 15 — 1" = 502.100 ke. If the 1,000-cycle beat note is held to 
cycle per second, the generator is set to 1/40 cycle per second, or 
502.100 ke + 0.025 cycles. It is quite difficult, if not impossible, 
hold the generator to such precision. If the generator is held 
hat there is a beat of 1 cycle per second, which is not impossible, 
he error in setting will be 1 part in 2X10’. The error in matching 
e note between the standard and the generator, with the audio- 
requeney generator, is of considerable importance, because instead 


+ 


! affecting the result by 1/40, it affects it directly. The error in 
his matching is multiplied by 40 with the frequencies considered. 


Tahite 


ver, it is possible to make the matching quite accu ‘ately, 
rovidi ng the radio-frequency generator holds, or the matching is 
arefully made when the 1,000-cycle beat note is correct. Changing 
he setting of a variable air condenser either side of zero beat and 
iking the mean setting gives a precise adjustment. The setting 
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of the radio- frequency generator affects the ease of this mate 
by a cwngend of 50 in this case, because the note which is mate 
with the — ery A generator is produced by the fundame 
frequency (500 ke) of the generator beating with ‘the 50th h 1armoy 
of the 10 ke generator. A change of the generator frequency , 
1/40 cycle, which represents a change of 1 part in 2 < 10’ with res 
to the measured frequency, here produces a change of approximg 
1 part in 10°. If referred to the measured frequency this wo, 
represent a change of 0.2 ke, which is about five times the differey 
obtained in measured values for a given day. The factor 50, the 
fore, does not enter into the calculated error so much, but has my, 
to do with the difficulties of making the measurement. 

The audio- frequency generator ou tput, is then determined ir 
of the direct- -reading frequenc; y meter. Errors which may be inher 
in this device are likewise multipli ed by 40 in arriving at the fin 
result. 

In the absence of more data the following estimates of errors | 
measurement may be listed. The total value thus obtained | 
the same order as the departure from the mean values of freque 
actually measured. 


Kstimated error in adiusting generator to receiver 

Estimated error in Letiengittes + ila Diatlaunaren generator to gencrator 
note __ “a 

Estimated error in mes 


EE PS ee ae ree See oe ee re eee eee eS ee 


As the sign of the errors may be either positive or negative, so 
of them tend to cancel others. 

The high precision and accuracy of the measurements of stati 
frequencies by the above method arises from the use of harmoni 
and beat notes plus an acquired skill in the precision of set 
the various sasha of the equipment. The use of several tunin 
forks in making the settings verifies the results obtained, 
spite of a large multiplying factor, as previously stated, whid 
applies to the errors present, the results usually agree to 
2 parts in 10°. 

Measurements on lower frequencies, such as in the broadec 
band, can be made very precisely in the above manner, and 7 hav 
the advantage of a small multiplying factor. 


WasHINGTON, March 25, 1930. 
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WIND PRESSURE ON CIRCULAR CYLINDERS AND 
CHIMNEYS 


By Hugh L. Dryden and George C. Hill 


ABSTRACT 


this paper a summary is given of the published model experiments on the 
sure on cylinders and of some previously unpublished experiments made 
National Bureau of Standards on models, on a large cylinder in natural 
‘nds, and on the power plant chimney in natural winds. This information is 
‘lected and analyzed for the purpose of estimating the wind pressure on chim- 
and other cylindrical structures at known wind speeds. 
The new expenane nts are in large measure determinations of the local distribu- 
f pressure over the entire surface of the cylinder in the model experime nts, 
rast suitab ly chosen section in the experiments in natural winds. in addi- 
A ove rturning moment on a 10 by 30 foot cylinder in the natural wind was 
iy measured 
neral conclusions are as follows: 
» wind pressure on a chimney is a function of the ratio of the height of 
‘himney to its diameter and possibly of the roughness of the surface. 
». Model experiments can not be directly utilized because of a large scale effect. 
;, A wind pressure corresponding to 20 lIbs./ft.2 of projected area at a wind 
f 100 miles per hour is a safe value to use in designing chimneys of which 
‘ight does not exceed ten times the diameter. 
ressure may reach large values locally and this may require considera- 
» design of thin-walled stacks of large diameter, 


CONTENTS 


troduction 
I. Summary of aerodynamic data on cylinders_---.-------..- 
Model experiments at the Bureau of Standards nt: 
Be eS ae ee eee eres eee arse tag Satie, 55 2s 2 
2. General procedure : 
Eh dL a IES Gt da) ihe 2.8: FLD Ct ee ee hs ee eae en 
1, Discussion and comparison with other published data 
5. Summary of model experiments 
TINCT 1 MOLI) WINGR eo os 6 ih oe ee ea cddews n= ~45- 
The interpretation of experiments in natural winds 
Experiments on a cylindrical stack, 10 feet in diameter and 30 
feet high 
(a) Distribution of pressure, stack 10 feet in diameter and 
30 feet high 
(6b) Overturning moment, stack 10 feet in diameter and 
30 feet high 
(c) Summary, stack 10 feet in diameter and 30 feet high- 
3. Power-plant chimney 
V. Résumé 


I. INTRODUCTION 

In Scientifie Paper No. 523 of the National Bureau of Standards we 
ve given a general discussion of the wind-pressure problem and of 
ilts of some model experiments on the distribution of pressure 

ver a tall building in a uniform and steady airstream. The experi- 
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ments described in the present paper were undertaken for the puny 
of obtaining information as to the distribution of wind pressure 
chimneys and other structures of substantially cylindrical form. 

Because of its great complexity, we have suggested that the yj 
pressure problem be subdivided into several parts, namely, (1), 
determination of the wind pressure in a uniform and steady yj 
(2) the det rmination of the frequency of occurrence of winds 
specified mean speeds as give n by the Weather Bureau records, 
determination of the maximum gust speeds in winds of specified , 
speeds, and (4) the determination of the stresses produced j in 
several structural members by specified loadings. The divisigy, 
the problem into wind loads and wind stresses is well recognized ,| 
the ast of the commonly adopted wind loads into the seve 
components is not often made. Too often a figure of 20, 25, op: 
lbs./ft.” is first adopted and then some method of computation 
found which will result in the value of the pressure originally adopy 
and thus in a measure justify its adoption. The lo: ids are often sj 
to correspond to a speed of 100 miles per hour, a figure which seq 
to be eed as a limiting value irrespective of exposure. 

The preblem of choosing a wind speed to be used for design ; 
poses is essentially a problem of probability, and unfortunately tly 
are not sufficient data available to make an exact mathems 
study possible. The period of observation for which records are avi 
able is not sufficiently extensive to give reliable information rega 
ing the frequency of very high winds. The only records availa 
in sufficient quantity to he useful are those of the Weather Burg 
on the mean speeds over 5-minute periods. In many of the recor 
especially for stations in cities, the exposure and elevation of t 
anemometer have been occasionally changed, and the records are: 
comparable for the entire period of years. If we examine the reco 
for a period of years at some station for which the elevation was 1 
changed (for example, for Washington, D. C., for the years 191| 
1927), we find relations somewhat as follows.!. The mean spe 
exceeds 40 miles per hour about 1 day in 85, 45 miles per hour abo 
i day in 195, 50 te So per hour about 1 day in 850, and 55 miles | 
hour about 1 day in 1,950. _The maximum observed over a period 
58 years was 68 miles per hour, so that the mean ni exceeds 
miles per hour, say 1 day in 25, 000. The engineer must decide ly 
much risk should be covered in the form of wind-storm insuran 
rather than in increased strength of construction. If, for examp! 
he decides to design for a load that will occur on the average otl 
once in 20 years, the above figures indicate a mean speed over | 
minutes in the neighborhood of 60 miles per hour. 

The figures published by the Weather Bureau are the uncorrecte 
readings of a Robinson type cup enemometer. Before January | 
1928, a 4-cup driving unit was used, but on that date a change va 
made to a 3-cup unit because of the large errors of the older r instr 
ment at high speeds. The speeds indi cated by the old and thi 
instruments at various true speeds are given to the nearest mile pe 
hour in Table 1. From the table it is seen that the indicated spe 
of 60 miles per hour by the old standard corresponds to a true speet! 
47 miles per hour. 


1 These figu res are illustrative only. While approximately correct, they are not intended for us 
i The data are taken from the annual reports of the Chief of the Weather Bureau. 
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‘BLE 1.—Indicated wind spent: by Robinson cup anemometers i 





| Indicated Indic ated | 

| speed, old | speed, new 
4-cup 3-cup 

standard | standard | 


| 
n Indicated | Indicated | 
| speed, old | Speed, new || 
4-cup 
standard | standard 


True speed | 
(miles 
p | 
3-cu | per hour) 


True speed | 
(miles 
per hour) 





| 60 78 
11 | 65 | 85 
17 } | 70 
23 : 75 
30 28 | 80 
37 ‘ } 85 


44 36 90 
50 | 4 95 
57 47 100 
64 | 52 105 
71 é | 110 





fore Jan. 1, 1928, the U.S. Weather Bureau used the on instrument; after merry ds ate, the 3-cup. 


ittle information is available as to the relation of the speeds of 
sto the mean speed over five minutes. It is commonly assumed 
t the maximum gust speeds will be about 50 per cent greater than 
}mean over five minutes, and the few observations which we have 
de indicate that this is true at speeds below 40 miles per hour 
at elevations less than 150 feet above the ground. There is a 
eral belief that in high winds the speed is more uniform, and it 
known that the gustiness decreases with increasing elevation. 
he engineer assumes that that ratio of the gust speed to the mean 
ed over five minutes is 1.5, the actual design speed finally arrived 
in the above example is 71 miles per hour. We repeat that the 
ves given are only illustrative of a logical method of procedure 
not intended as design recommendations. Larger values 
i be found for more exposed locations, such as the New York and 
ieago stations. 
The work of the Bureau of Standards has been largely confined 
a determination of the pressures encountered in a steady and uni- 
m go especially as affected by the shape of the body. The 
sults of our experiments are often interpreted in terms of wind 
lings at a convenient wind speed, such as 100 miles per hour, and 
, seems desirable for the benefit of those to whom the conce pt of 
re coefficient is new and unfamiliar. We wish to emph asiZe, 
\ that our work is concerned with but one element of the 
oblem, and that we do not recommend the indiscriminate use of 100 
lies per hour as the wind speed the structure must be designed to 
ithstand. Neither are we in a position to make positive recom- 
endations as to design loads. These should logically depend on the 
graphical location of the structure and the degree of its exposure, 
id fore be correlated with the working stress ‘and factor of s: afety 
sed in the design. 


SUMMARY OF AERODYNAMIC DATA ON CYLINDERS 


Before making a summary of the published work on cylinders it is 
ecessary to review briefly the conventional method of presenting 
erodynamic data. Dimensional reasoning teaches that the pressure, 
,at any point of a body placed in an air stream will be given by an 


xpression of the form 
of Vp 
rta- H 
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where g is the velocity pressure (%pV*), p is the air density, 
wind speed, p the viscosity of air, and L a linear dimension fixing 
scale, ts aken as the diameter in the case of cylinders. The expn 
applies only to geometrically similar bodies, for example, to cylin 
of infinite length or of constant ratio of length to omg 
pressure, p, may be regarded as consisting of two parts, the 
press sure,’ p,, which would exist in the absence of the cylind. 
the pressure change, p—p,, caused by the presence of the c 

In a natural wind 7p, is the atmospheric pressure. p—p, is the 
tity usually measured, corresponding to the common prac tice 
using ‘‘gauge’’ pressure in aualine with pressures in steam boil 
compressed air tanks, etc., rather than absolute pressure. The 
sure difference could be measured in any convenient units, but ti 
are advantages in using the velocity pressure, g= MpV ?, as the y 


. ee Oe a a . e 
In the first place ?— —Ps is in many cases * independent of the yj 


speed and the size of model, so that gnu a single value of it for, 


viven shape of body the pressure at the cot responding point oy 
similar body of any size at any wind bei can be readily compit 
vith the aid of a table of velocity pressures. In many other ¢ 
—? ‘ 
g 


j eo > ; VLp, . 
the variation of / * with the Reynolds number —— is small. 

, be 
ratio is a pure number independent of the units used so long as{ 
pressures are all measured in the same units. 


TABLE 2.—Velocity pressures at several wind speeds 


| 
|| True wind 
speed 
(miles per | 
hour) 


| 

| True wind 
speed 

(miles per | 
hour) 


Velocity 
pressure 
(ibs./ft.2) 


Velocity 
pressure 
(bs. ft.?) 











99 
2=0.001189 (Vx 2 where V is the true speed in miles per 


o 


The engineer is in most cases more directly concerned with ¢ u 
resulting forces than with the pressures themselves and their dist! 
bution. The force on any element, dA, is equal to pdA and acis 
the direction of the normal to the surface.‘ If 9 is the angle ma 
by the surface element, s, with the wind direction, the component 
force in that direction, F,, is given by S Spa, sin @. Since } 


2 The term static pressure is used to indicate the pressure which would be measured by a pressure & 
moving with the air and, there fore, ‘‘static’’ with respect to the air. In actual practice the measur® 
is made by means of holes in the side of a closed tube, the axis of which is parallel to the wind direc 
The form of the tube is suc h that the air flows smoothiy past the holes. 

5 B.S. Sci. Paper No. 523, Bull. 20, p. 697. 

4 Exc luding frictional effects, whic h are of importance only in special cases. 





°) Wind Pressure on Chimneys 
stant and for closed surfaces f’ {dA sin 6=0, the force component 
closed — is also given by { {(p—p, Vd. A sin 6. Dividing 


ao 
q, we have “ff Ps dA sin 6. It is found convenient to 


‘de this cnoamuiita by the area of projection, A,, of the body on a 
ne normal to the direction, s. The quotient F/A,q is called the 
e coefficient.” It is the average force per unit projected area 
ided by the velocity pressure; that is, the ratio of the average 
cure on the total projected area to the velocity pressure. The 
ve in any particular case is obtained by multiplying the force 
cient by the projected area and by the velocity pressure. 

In the case of a chimney or similar structure, the distribution of 
d along the length is sometimes of interest. In this case we com- 


i dF, ; : 
te the force per unit length -—" JS p ds sin 6, where ds dl is the area 


gx? ; We : 
mment,dA. Again it is convenient to divide a by the width of the 


tion (the diameter in the case of a cylinder) and by the velocity 
ssure g SO as to obtain a coefficient ‘applicable to the particular 
ion, giving the average force per unit area per unit velocity 
ssure. To distinguish “this coefficient from the force coefficient 
plicable to the w hole cylinder, we call it the force coefficient for a 
nsverse section. In all cases the force is obtained readily by 
tiplying the coefficient by an area and by the velocity pressure. 
In the case of bodies with sharp edges, such as flat plates, models of 
etc., the coefficients defined in this manner are so nearly 
nstant that departures obtained in a few experiments are believed 
be due to secondary causes, such as the limited size of air stream 
i or the effects of supports. For cylinders and spheres, on the 
her hand, the coefficients are constant only over a limited range of 
ues of VZp/u. This lack of constancy is called scale effect, since 
coefficient varies with the size of the model. Spheres have 
ceived the more complete study. It was discovered by Costanzi ® 
spheres in water and by Eiffel’ for spheres in air that the force 
efficient for large spheres decreases rapidly at a certain critical 
eed. Lord Rayleigh § pointed out that the critical speed varied with 
e diameter of the sphere in such a manner that the Reynolds 
imber was constant. Actually, the critical speed is not a definite 
ed speed but rather a range of speeds, corresponding to a certain 
tion of Reynolds number in which the force coefficient decreases 
pidly; this is followed by a region in which the force coefficient is 
a constant. In further experiments it was found that the rapid 
ecrease took place at different values of the Reynolds number in 
ferent wind tunnels and at different values i in the same wind tunnel 
th d different types of spindles or supports.? The degree of turbu- 
ce of the air stream was found to be a very important factor. 
Ad idit tional information was given by W ieselsberger ° who showed, 
roducing smoke in the air stream, that the turbulent wake was 





‘le terms, resistance coefficient, drag coefficient, shape coefficient, are also used. 

Ui erienze di idrodinamica, 2, No. - Rome 1912. 

ptes Rendus, 155, p. 1597; Dee. 30, ‘O12 

mptes Rendus, 156, p. 109; Jan. 13, 1913. 
see for ¢ ey the following summaries: Technical Report No. 185, National Advisory Committee 
aer ros uties; Reports and Memoranda No. 190, Brit. Adv. Comm. Aero.; Annual Report, Brit. Ady. 
im. Aero., 7, p. 19; 1915-16. 

ischrift fur Flugtechnik und Motorluftschiffahrt, 5, p. 140; 1914, 
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much smaller above the critical region than below it, and that sm 
flow around the sphere continued well past the major section. |; 
also found that the flow, and hence the force, was most sensitiy; 
disturbances in the ‘‘boundary layer” or layer of air passing y 
close to the sphere, and it was suggested that the change in the geng 
flow at large Reynolds numbers resulted from the flow in this 
layer passing from the smooth viscous flow régime to th 1 turby 
régime, analogous to the change in the type of flow in pipes, : 
described by Reynolds."! 

In short, the change in the force coefficient was found associy 
with a change in the position of the line at which the smooth floy| 
the surface of the sphere. It may be expected then that no scale 
would be found in the case of bodies with sharp edges which defini 
fix this line, and that spherical and cylindrical forms would } ; 
most sensitive. This is, in fact, the case, as is shown by measureng 
on ellipsoids by Wieselsberger.'’* The position of the line of se 
tion in the case of an isolated sphere would be determined solely 
the loss of energy in the flow near the surface. This loss de ends 
large extent on the turbulence of the air flow, and that is changed 
the presence of the rods or wires needed for supporting the spl 

Similar phenomena are observed with cylinders. Experimey 
evidence of the existence of a critical region for cylinders ned 
published by Taylor.’* In some measurements on a 6-inch cylind 
in a 4-foot wind tunnel he found a large variation of the pressure q 
tribution with wind speed, the nature of which will be discuss: ie 
Force measurements in this region were made subsequentl\ 
Eiffel * and by Wieselsberger."® 

The influence of the flow in the boundary layer and the effect 
turbulence were shown experimentally by one of the authors « 
R. H. Heald.” 

The force coefficients for cylinders depend on the Reynolds nunte 
the ratio of length to diameter, the turbulence of the air stream, an 
perhaps, on the roughness of the surface. The effects of turbule 
are marked only in the region of Reynolds numbers betwee n 100,0 
and 500,000. Figure 1 gives the results of Relf 7 and Wies se verge 
for cylinde rs of infinite length (actually of finite length, but ind 
conditions approximating two dimensional flow) over a ari range | 
Reynolds number. These values may be used in computing tl 
wind pressure on long wires, masts, flagpoles, and similar structur 
For this purpose the kinematic viscosity (the ratio of the viscosity, 
to the density, p) may be assumed to be 0.000161 ft.?/sec. and t 
Reynolds number taken equal to the product of wind speed in n 
per hour by diameter of cylinder in feet by the constant 9,100. 

Wieselsberger gives some information as to the variation of fon 

coefficient with length- diameter ratio at a Reyno!ds number of 80, 
The values are given in Table 3. 


W 


11 Phil. Trans. Roy. Soc. (Lon« — , 174, Pt. ITI, p. 935; 1883. For a further development of these id 
see Technical Report 342 of the National Advisory C ommittee for Aeronautics, 

2 Zeitschrift fur Flugtechnik und Mot orluftse hiffahrt, 5, p. 140; 1914. 

18 Reports and Memoranda, No. 191, Brit. Adv. Comm. Aero. Annual Report, 7, p. 30; 1915-1 

4 Tr avaux Laboratoire Aerodynamique Eit iffel (E. Chi ron, Paris), p. 60, 1915-1918. 

15 Ergebnisse der Aerodynamischen Versu hsanstalt, Gottingen, 1923 (R. Oldenbourg), 2, p. 23 

Tex shnics 11 Report No. 231, National Advisory Committee fcr Acronautics. 
17 Reports and Memoranda No. 102, Brit. Adv. Comm. Aero. Annual Report, 5, p. 47; 1913-14. 
18 Physikalische Zeitschrift, 23, p, 219; 1922. 





Wind Pressure on Chimneys 659 


1p 3.—Lffect of length-diameter ratio on force coefficients of cylinders at a 
5 Reynolds number of 80,000 


oth-diameter ratio. ... - 1 2 3 5 10 20 40 a 
Benvefficient-.--.--.. 0.68 0.69 0.75 0.74 0.83 0.92 1.00 1.20 


he cylinders of er diameter ratios 5 and © were carried 
ugh a wide range of Rey nolds numbers and a comparison of the 
uilts seems to indic ate a smaller effect of length-diameter ratio 


pve the critical region. 
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2.0 3.0 4.0 5.0 
Log.,, VL/V 
FiaurE 1.—Force coeffcients for cylinders of infinite length 

Cp= force coefficient. 
V =wind speed (ft. /sec.). 
L =diameter (ft.). 
vy =kinematic viscosity (ft.?/sec.). 

=(.000161 for air. 


elf. 
Wieselsberger. 


In addition to measurements of the total force on the whole cylinder, 
} number of measurements of the distribution of pressure around tne 
inder have been published. These experiments will be summarized 
nd discussed a little later in connection with the results described 
| this paper. 
| Several important investigations relating to the flow around cylin- 
ets have also been published. For Reynolds numbers between 100 
id the critical value, the flow is known to vary with the time, eddies 

reaking off periodically. The frequency of the eddy formation has 
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been studied by Karman” and Relf.” For approxim ate comp 


tions at Reynolds numbers below the critical value the prod 
frequency (cycles per second) by diameter of the cylinder (in fy 
may be taken as 0.29 times the wind speed in miles per hour. At 
critical Reyn« ids number the frequency increases more rapidly, 
the speed, and finally the flow loses its periodic character; it 
tinues to vary with time, but in an erratic manner. It is obvi 
that conditions of resonance in wires or flagpoles in high w inds 
to be avoided, and it seems probable that the erratic fluetuatio 
the flow may : set up severe oscillations in a ect of small ; tit 

Model experiments fail to give values of force coefficients 

le to full-scale chimneys because of the occurrence of 1 the 
region. Furthermore, the information available as to the effect 
the length-diameter ratio and as to the details of the pressure dist 
tion at Reynolds numbers above the critical value is quite lin 
Our first experiments were intended to supply further informs 
on the pressure distribution above the critical value. They 1 
carried out in the 10-foot wind tunnel of the Bureau of Standy 
and are described in the next section. 


III. MODEL EXPERIMENTS AT THE BUREAU (Of 
STANDARDS 


1. APPARATUS 


The distribution of pressure over two circular cylinders with a 
normal to the wind direction has been measured at the Burea 
Standards. One of the cylinders was approximately 8 inches | 
diameter, the other approximately 12.6 inches in diameter. Ei 
was approximately 5 feet long. Observations were made at 12 p 
sure stations, spaced as shown in Fi igure 2, along a generating line 
the cylinder. The circumferential distribution at each station y 
obtained by rotating the cylinder. 

The pressure stations were prepared as follows: At each stati 
a hole approximately 0.2 inch in diameter was drilled. A hol 
cylindrical plug abeut 1% inches long and closed at one end wi 
sweated into the hole and the closed end carefully worked downs 
as to make it flush with the outer surface of the cylinder. Aft 
polishing, a small hole approximately 0.040 inch in diameter wi 
drilled along the axis of the plug into the tubular portion. By meal 
of rubber tubing, connection through the interior of the cyliné: 
could then be made from each station to the pressure gauge. 

The same mounting was used for the 8-inch cylinder as for the prs 
described in Scientific Paper No. 523. The cylinder was rigidl 
attached to a round steel plate, 12 inches i in diameter and ¥ inch 
thickness, bearing graduations at 5° intervals along ‘ts cireum ~_ 
The cy ylinder and plate could be rotated on a bearing fastened to 
plate 14 inches square and % g inch thick, which carried an index n ma 
The cylinder proper was a piece of drawn brass tubing, 4 feet rm 
inches long, and was accurately a circular cylinder within 
inch. The departures were greatest near one end (the upper ),& 


pr . 


+ 





1 Physikalische Zeitschrift, 13, p. 49; 1912. 
Phil. Mag. (6th series), 42, p. 173; 1921. Reports and Memcranda of the British Aeronautical hests 
Committee, Nos. $25, 917, and 986. 
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or the greater part of the length were less than 0.015 inch. The 
+ of the cylinder was closed by a plate *{s5 inch thick. The total 


oth from the bottom of the 
wanting to the top of the top 
bie was 5 feet %» inch, of which 
ich was taken up in the mount- 
g plates. ; rs! 
The 12.6-inch tubing was more 
curately of the form of a circular 
linder. The average diameter 
inches with departures 
sthan £0.01 inch. A somewhat 
avier mounting was required; the 
per plate to which the cylinder 
as attached was 15 inches in dia- 
eter and % inch thick, and the 
wer plate carrying the bearing 
as 17°; inches in diameter and 1% 
iches thick. The cylinder proper 
as exactly 5 feet long and the top 
Jate was % inch thick. The total 
neth was 5 feet 2 inches, of which 
inches was taken up in the 
hounting plates. 
[he wind stream was supplied 
10-foot wind tunnel which 
escribed in Setentific Paper 
The method of measur- 
yg wind speed and the pressure 
auge used for measuring pressures 
the station on the cylinders were 
ecribed in the same paper. In 
he present tests speeds up to about 
6miles per hour were obtained. 
The effect of the ground on which 
he chimney stands was simulated 
platform placed under the 
|. The platform extended 
mpletely across the tunnel and 
feet above the tunnel floor 
i the center. Its length in the 
rection of the wind was 5 feet and 
isupstream edge was beveled so as 
‘reduce the disturbance produced 
vit. The wind speed was nearly 
iuiorm to within a few inches of 
he platform. 


2, GENERAL PROCEDURE 


the procedure for making the 
servations was as follows: The 


‘Sect. | 





2 
3 
4 











Figure 2.—Location of pressure sta- 


lions on cylinders in wind-tunnel tests 


- pressure stations were connected to 12 tubes of a multiple tube 
lanometer, the reservoir of the manometer being connected to a 
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smail hole in a static plate located 7% feet upstream from the mode 
on some occasions, to a small hole in the downstream quadrant ,! 
short cylinder placed with axis normal to the wind.” Whey 4 
wind speed was steady, an observer read the 12 tubes of the multi 
gauge, which gave the differences in pressure between the holes ai; 
surface of the model and the reference pressure. Readings ya 
taken for speeds of approximately 40, 60, 80, and 97 feet per sec 





FicurE 3.—Distribution of pressure on 8-inch cylinder at sections 1, 2, 
and 4 

Radial distances from the base circle are proportional to the ratio to the velocity pressure of the 
difference in pressure between the station and the static pressure. In the region marked +, t 
pressure on the cylinder exceeds the static pressure, while in the region marked —, the pressure 
on the cylinder is less than the static pressure. The wind direction is shown by the arrow. T! 
broken line is for a speed of 40 ft./sec., the solid line for 80ft./sec. See Figure 2 for location 
sections. 


The cylinder was then turned 5° and a similar group of measuremet! 
made. The process was continued until the full angular rang 
360° had been covered. 
The results finally desired are the changes in pressure produceé 
the presence of the cylinder. It was necessary, therefore, to meas! 
the difference in pressure between the reference pressure and | 


21 This was done in order to keep the differential pressure within the range of the multiple ma 
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‘ie pressure in the tunnel at the place previously occupied by the 
nder and to add this value with proper sign to the observed 

<cre, It was also necessary to correct for the difference in wind 

ed between the place where the reference Pitot-static tube was 

ated : and the position of the model. 

\]] results in this paper have been expressed as ratios of tl he several 

ontities to the velocity pressure, a plus sign being used to denote 


FicgurE 4.—Distribution of pressure on 8-inch cylinder at sections 5, 6, 7, 
and 8 


For explanation, see legend of Figure 3 


n increase in pressure above the static pressure and a minus sign to 
enote a decrease. 
The average pressure acting at each section on the area of projection 
he cylinder on a plane normal to the wind and the average pressure 
on the entire cross-sectional area were each computed by 
unerical integration. These results give the load distribution along 
he length and the total force on the cylinder. Resultant forces at 
izht angles to the wind direction are small and would be exactly zero if 
e pressure distribution were exactly symmetrical, 
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3. RESULTS 


The pressure distribution for the four air speeds are given in pay 
the polar diagrams of Figures 3 to 8, inclusive. The distribution, 
average force per unit projected area along the length are give, 
Figures 9 and 10 and the average force per unit projected area for; 
whole cylinder in Figure 11. The quantities plotted are absoly 
coefficients, the values of which do not depend on the system 
units, provided a self-consistent system is used throughout. 


FiaurE 5.—Distribution of pressure on 8-inch cylinder at sections 9, 
and 12 


For explanation, see Figure 3 
The coefficients are defined as follows: 


l(p—p, . 
C’p at any section bio > sin @ ds 
e 1 


total force 
wig 


: 1 (p-—»p, . 
Cp for the whole cylinder = / - P. sin 6 ds dl= 
t 
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ere w=Wwidth of projection on a plane normal to the wind = diam- 
eter of cylinder. 
/=length of the cylinder. 
dsdl = element of area on the surface of the cylinder. (Note 
that ds sin 6=dw.) 
6=angle between the surface element of the cylinder at any 
point and the wind direction; that is, the complement of 
the zonal angle, 90°—the zonal angle, of the station 
measured from the upstream generating line. 
q=the velocity pressure (Table 2). 
, =the difference between the pressure at any station and the 
static pressure. 
-force coefficient for transverse section. 
-force coefficient for whole cylinder. 


| 
j 
Ba vy 
NY 


4a} 4 | 





FIGURE 6.—Distribution of pressure on 12.6-inch cylinder at sections 1, 2, 8, 
and 4 
For explanation, see legend of Figure 3 


The force per unit length at any section is obtained by multiplying 
evalue of C’»y at that section by the width of the section and the 
Hocity pressure. The total force is obtained by multiplying the 
Lue of Cp for the whole cylinder by the area of projection on a plane 
mal to the wind, that is wl, and the velocity pressure. 


4754°—30——11 
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It. will be seen that all of the coefficients vary greatly with | 
wind speed, differing in this respect from those for the prism yy 
- Scientific Paper No. 523. Dimensional reasoning teaches, as 

ated before, that provided the objects are geometrically simil:); 
onal should be a function solely of the Reynolds number, Jj, 
V being the wind speed, L a linear dimension fixing the scale and ti 
equal to the diameter, p the density and yu the viscosity of the, 
The two cylinders are not geometrically similar to each other; ne 
theless at high Reynolds numbers the results for the two agree {ij 
well. (See fig. 11.) 











Figure 7.—Distribution of pressure on 12.6-inch cylinder at sections 5 
and 8 


For explanation, see legend of Figure 3 


4. DISCUSSION AND COMPARISON WITH OTHER PUBLISHED D&A! 


to 


All of the speeds used for the 8-inch cylinder are equal 
creater than the critical value. Because of this fact the computtl 
. average pressures is subject to a small error. For, owing 

‘hanges in the barometric pressure and the temperature of the 
roa kinematic viscosity and, hence, the Reynolds number for a gi 
air speed changes from day to day. The total range in values 0 
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nolds number at a given speed was about 3 per cent. The effect 
the value of the average pressure is probably not very great. 
careful examination of the diagram shows a lack of symmetry 
h respect to the wind. direction. By reading off the angles at 
vanishes we may estimate the nature and amount of 


2 8 


Nn Pp i Ps 


asymmetry. Figure 12 shows the average angle of asymmetry or 
yle through which the diagram for each section must be rotated to 
ig the points of zero pressure difference to symmetrical positions. 











FicurE 8.—Distribution of pressure on 12.6-inch cylinder at sections 9, 10, 
11, and 12 


For explanation, see legend of Figure 3 
ie figure shows a-systematic and approximately linear variation of 
ithly 4° per foot of height corresponding to a rotation in the direc- 
n of travel of the propeller blades. Measurements in the absence 
ine cylinders with an instrument for measuring the direction of 
' flow show a spin in the air stream of about one-half this amount. 
the projected area of the 12.6-inch cylinder was about 7 per cent 
the tunnel area, and that of the 8-inch cylinder about 4% per cent 
(he tunnel area. The only experiments available on the effect of 
thei size are those of Parkin * and they are based on the theory 





1, Royal Aero. Soc., $1, p. 1110; 1927, 
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Figure 9.—Distribution of pressure along the 8-inch cylinder 
C p’=force coefficient for transverse section— 
‘ - 40 {t./sec. 
60 {t./sec. 
— 80 [t./sec. 
- 97 ft./sec. 
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Ficgure 10.—Distribution of pressure along the 12.6-inch cylinder 


C p’=force coefficient for transverse section— 
----— 40 ft./sec. 

— 60 ft./sec. 
—_———————— 890 it ../eec. 

— 97 {t./sec. 
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11.—Force coefficients for cylinders at large Reynolds numbers 
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Cp= force coefficient (for the whole cylinder). 
V=wind speed (ft./sec.). 
.= diameter (ft.), »=kinematic viscosity (ft.2/sec.)=0.000161 for air. 
- —_—_———- Eiffel. 
—_— - Wieselberger. 
- — Dryden and Hill, 8-inch cylinder. 
- Dryden and Hill, 12.6-inch cylinder. 
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'1GURE 12.—Angle through which the pressure diagrams for the various 
ections must be rotated in order to give symmetrical positions for the 


points of zero pressure difference 
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of images. In other words, the tests ac tually made were on a cyl 
der in the presence of other cylinders placed i in positions correspi, 
ing to the images of the first cylinder in the walls of the fictitiy, 
small tunnel. The smallest projected area was about 1.8 Der cep 
and the next was about < 35 per cent of the area of the tunnel en 
section, so that it is not possible to estimate very closely where th 
effect of the tunnel walls begins to exceed a predetermined small y¢ 

The values of the ratio which we have employed are in line with vad 
used in other laboratories. At Gdéttingen the projected area y 
about 11 per cent and at the Eiffel Laboratory about 9 per cent of tj 
area of the tunnel cross section. The ratio of cylinder diameter; 
tunnel diameter was 0.105 for the 12.6-inch cylinder, 0.067 for i 
8-inch cylinder, 0.134 at Géttingen, and 0.100 at the Eiffel Labo 
tory. Taylor states that a ratio of 0.125 is evidently too large. 

We recognize, therefore, that the conditions of the experiment } 
not correspond to ideal conditions as fully as one might desire, ¢ 

ially as regards the ratio of the projected area of the cylinder j 
the area of the tunnel cross section. The conditions do, howevg 
represent the nearest approach to ideal conditions in this respy 
that can be obtained at large Reynolds numbers in atmosphe: 

wind tunnels of the sizes at. present available at the Bureau 

Standards. 

The observed type of distribution of pressure is well known {rn 
previous measurements, differences being matters of detail as to rs 
tive numerical values. In every case except for sections 1 t 
which are in the uppermost 5 per cent of the length, the maxin 
wig increase on the front is equal to the velocity pressure wii 

2 per cent, hence within the experimental error. The point of mex 
mum pressure is within 1° of the point farthest upstream and | 
variations within this limit which have been previously discussed 
at least partly due to a slight spiral motion in the air stream. 1) 
pressure falls off to either side and reaches the static pressure at 
zonal angle of from 31° to 35°. The pressure then becomes less thi 
the static pressure | by increasing amounts up to an angle in t! 
neighborhood of 65° to 75°. At low Reynolds numbers, the press 
decrease drops slightly from its maximum value near 70° to a neat! 
constant value extending from 85° or 90° to 180°. At high Reyn i 
numbers, the pressure decrease varies slightly between 70° and It 
or 100° and then drops rather sharply to a nearly constant valu 
extending from about 135° to 180°. 

The chief differences observed over the range of Reynolds nun! 
from 168,000 to 642,000 (most of the change occurring ‘oan 
252,000 and 257,000) may be summarized as follows: 





Reynolds N 


168,000 





. Zonal angle at which the pressure is equal to the static pressure- | 
2. Maximum pressure decrease below the static pressure, expressed as a ratio to the 
velocity pressure . 
\Mean pressure decrease over rear quarter of cylinder, expressed as a ratio to the 
velocity pressure - i salitwns : 
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hese changes, especially the last two, are well shown in Figures 
4, and 5. "The excessive development of the winglike protuber- 
€s extending across the direction of the air stream are charac- 
istic of Rey nolds numbers above the critical value. 
able 4 gives all of the published information which we have been 
le to find on the general characteristics of the pressure distribution 
pind circular cylinders. As it seems probable that a cylinder 
ynning an open air stream does not act as a cylinder of infinite 
sth (owing to the feeding of air into the low pressure regions at 
ends), the results of Hemke (serials 15 and 16) and of Toussaint 
Weisenburger (serial 17) have been considered applicable to 
inders having lengths equal to the diameter of the air stream, and 
se are the lengths tabulated. On the other hand, when a cylinder 
a tunnel stands on a large platform, the data are applicable to a 
inder without a platform and of twice the actual length-diameter 
io. Consequently, the tabulated values of that ratio for serials 
to 43, inclusive, are twice the actual, 
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Of the 47 observations, 12 are to be discarded for the folloy 
reasons: Serial No. 12 because the speed was about one-fourth ; 
speed of sound, and hence an effect of compressibility may 
expected; serial Nos. 29, 30, and 31 because of the large ratiy 
cylinder diameter to tunnel. diameter; serial Nos. 33, 34, and § 
because the measurements were not made at the median se¢j 
and serial Nos. 15, 16, 45, 46, and 47 because of the small rati 
length to diameter. For all the undiscarded observations the leng: 
diameter ratio is at least 9, and the three selected * characteris; 
of the distribution of pressure vary but little with that ratio. 
relation between the three general characteristics of the distribyy 
and the Reynolds number are shown in Figures 13, 14, and 15 
certain correspondenc e with the curve of dr ag coefficient. in Fig 
1 may be noted in the curve (fig. 13) for the angle at which the pr 
sure equals the static pressure. 


o 
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= 
c 
o 
ve 
ts 
4 
9 
z 
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0 1.0 2.0 3.0 4.0 5.0 6.0 
Logo VL/v 
Figure 13.—Effect of Reynolds number upon the angle at which the pressur 
on an infinite cylinder ts equal to the static pressure 
p=pressure on cylinder. 
p.=stati¢c pressure. 
V=wind speed (ft./sec.). 


L=diameter (ft.). 
»vy=kinematic viscosity (ft.2/sec.)=0.000161 for air. Values from Table 4. 


A comparison of our results with the results of Fage and Tayi 
shows that the critical flow was obtained at lower Reynolds num 
in the British tunnel, a difference to be attributed to the grew 
turbulence of the British wind tunnel. Taylor’s value (serial » 
for the angle at which the pressure equals the static pressure is? 
as compared with our value of 31° (serial 43). We do not | 
whether this is to be attributed to the effect of length-diameter 1! 
or to the effect of the ratio of cylinder diameter to tunnel diamet 
Fage (serials 13 and 32) found a value of 35° for a cylinder of int 
length as compared to 39° for a cylinder of length-diameter 
equal to 9 at a Reynolds number of 31,400. . 

Similar results hold for the mean decrease in pressure behind t 
cylinder. Above the critical region, Taylor finds 0.8 for the cylint 
of infinite length as compared to our mean value of 0.38 for shor 





23 The force coefficient varies very rapidly with length-diameter ratio. See Wieselsberger, Physix#s 
Zeitscirift, 23, p. 219; 1922. 
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linders. Below the critical region, Fage finds 1.02 for the cylinder 
infinite length as compared to 0. 44 for a cylinder of length -diameter 
tio of 9. 

There are, however, certain discrepanci ies, for example (serials 
b and 18), between ‘the results of Taylor pon Fage at Reynolds 
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Fiaurk 14.— ffect of Reynolds number upon the minimum absolute pressure 
on an infinite cylinder 


Pmin=minimum absolute pressure on cylinder. 
p.=static pressure. 
q=velocity pressure. 
V=wind speed (ft./sec.). 
L=diameter (ft.). 
v=kinematic viscosity (ft.?/sec.) =0.000161 for air. Values from Table 4 


umbers below the critical region, which are probably ascribable to 
ie effect of the ratio of cylinder diameter to tunnel diameter. More- 
ver, the good agreement between our own results for cylinders of 


iferent length-diameter ratios is perhaps a coincidence, the effect 
f tthe reduced length-diameter ratio balancing that of the increased 
tio of cylinder diameter to tunnel diameter. Due caution must 


be gates in applying these results to cylinders of other length- 
liameter ratios. 
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Figure 15.—Effect of Reynolds number upon the mean pressure on the rear 
of an infinite cylinder 


Pr=mMean pressure on the rear. 
p.=static pressure. 

q=velocity pressure. 

V=wind speed (ft./sec.). 

L=diameter (ft.). 

v=kinematic viscosity (ft.?/sec.)=0.000161 for air. Values from Table 4. 


It is to be regretted that more information is not available on the 
ifect of length-diameter ratio, especially above the critical region. 
At Reynolds numbers below the critical, increasing the length- 
lameter ratio decreases the zonal angle at which the pressure equals 
the static pressure and also decreases the absolute pressure on the 
rear of the cylinder. Figure 16 shows the best information avail- 





676 Bureau of Standards Journal of Research 


able regarding the effect of the length-diameter ratio on the zy, 
angle at w hich the pressure equals the static pressure. The ( 
apply to the central part of the cylinder and for Reynolds nun\ 
below the critical. As previously stated, serials 15, 16, and 17, 
interpreted as applying to a cylinder whose length is the diame 
of the air stream although the cylinders act tually span the oper. 
air stream, and serial 36 is interpreted as applying to a cylinder 
length-diameter ratio equal to twice the actual ratio because of 4 
presence of the platform. 

With regard to the distribution along the length, the results sh 
in Figures 9 and 10 can be condensed into the form of Table 5, | 
Table 5 the mean C’p at any section is given as a fraction of } 
average Cp for the cylinder as a whole or, in other words, the | 
loading is expressed as a fraction of the average loading. The sec 
column gives the values for a Reynolds number of 168,000 and: 
third for Reynolds numbers from 335,000 to 642,000. It is seen ¢ 
the loading is less uniform above the critical region. The gre 
drag associated with the end loss may be noted. 

In most practical applications, the total overturning moment 
desired. The distributions shown in Table 5 each give an oy 
turning moment only 1.7 per cent greater than that for a uni‘y 
distribution so that the exact distribution along the length needy 
ordinarily be taken into account. 


Tasie 5.—Distribution of pressure along length 


‘ | 
| Average Cp’ at Average Co’ at 
section for section for 
Reynolds 

number of 
168,000, ex- 

expressed as 
fraction of 
| average Cp 
| for cylinder 


Reynolds 
numbers 
335,000 to 
642,000, ex- 
pressed as 
fraction of 
average Cp for | 
cylinder 


Height of section above plat- | 
form, expressed as a per- 
centage of the total length | 
of the cylinder 














Figure 11, showing the coefficients for the entire cylinder, indicat 
a difference in turbulence in the several wind tunnels. Taylor 
pressure distribution curves indicate a drop at least as early as‘ 
Eiffel’s. 

In the Géttingen results and in ours the force and pressure d 
bution, respectively, are still changi ng at the highest Reynold 
number. The Reynolds number corresponding to a chimney 2 20 fee 
in diameter in a wind of 100 miles per hour is 9,250,000. Extrapo 
lation to such a value can not safely be made from model experimen 
limited to 642,000. 


listr 
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5. SUMMARY OF MODEL EXPERIMENTS 


feasurements have been made of the pressure distribution over 
inders in and above the critical region of Reynolds number. The 
inders were mounted on a platform to simulate chimneys standing 
the ground. The measurements show that the changes in the pres- 
e distribution occurring at the critical region are as follows: 

_ The zonal angle at w vhich the pressure “equals the static pressure 
eases from 35° to'31°. 

_ The maximum value of the decrease in pressure below the static 
pssure is doubled, changing from 1.2 times the velocity pressure to 
1 times the velocity pressure. 

The mean value of the decrease in pressure over the rear quarter 
the cylinder decreases from 0.7 of the velocity pressure to 0.4 of 
e velocity pressure. 

The resultant force coefficient decreases to about 0.37. 

The character of the distribution along the length is such as to 
ve an overturning moment which is about 1.7 per cent greater than 

bat obtained on the assumption of a uniform distribution. 

At the highest Reynolds number used in these experiments, the 

stribution is still changing with the Reynolds number, so that 
plication can safely be made only to small stacks or other cylin- 
fical structures having diameters not significantly exceeding 1 foot. 


IV. EXPERIMENTS IN NATURAL WINDS 
| THE INTERPRETATION OF EXPERIMENTS IN NATURAL WINDS 


Because the coefficients for cylinders were still changing at the 
1aximum Reynolds numbers attainable in the wind tunnel, atten- 
jon was given to experiments on large structures in natural winds. 
ich measurements have a somewhat greater appeal to the engineer 
han model experiments, although the difficulties of obt aining even 
easonably accurate results are very great and the interpretation of 
bservations is a very troublesome matter. The reason for the diffi- 

ty is the exceedingly large variability of the wind in intensity and 
lirection. In wind tunnel experiments it is comparatively simple to 
stall a Pitot-static tube and a static plate sufficiently far upstream 
0 be unaffected by the presence or absence of the model. The tube 
an than be used to give a reference speed and the plate to give a 
elerence pressure. With the model out we can measure the speed and 
he difference between the static pressure at the place to be occupied 
vy the model and the reference pressure for known values of the 
eference speed. When the model is put into place we can be reason- 
bly sure of the speed of the wind which strikes it, and of the static 
ressure at the model, the only error introduced being that due to the 
inite size of the air stream, which can be minimized by restricting the 
model area to a small percentage of the tunnel area. 
How different is the situation in a natural wind. We can not 
remove the chimney at will, nor can we control the speed of the wind. 
f we locate a wind-measuring instrument far away from the chim- 
ney, there will be no definite relation between the force on the chimney 
and the measured wind speed. If we locate the instrument near the 
chimney, its readings will be affected by the presence of the chimney. 
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There is no steady reference pressure. The absolute pressure jr 
a room in a building as well as in the outside air varies with the y ms 
speed. : 
It occurred to one of us that it would be possible to secure the y; 
speed from the pressure measurements, if we could find some way 
estimating the static pressure. If, for example, we may take the y 
tunnel data of Figure 16 as indicating that the pressure equals 
static pressure at a zonal angle of 35°, then the velocity pressure yj!|! 
equal to the difference between the maximum pressure and the 
sure where the angular width of the diagram is 70°, and from that; 
wind speed may be found by the aid of Table 2. An error of; 
in the zonal angle (2° in the width) corresponds to 5 per cent in 
velocity head or to 2 per cent in the speed. If the angle could: 
determined within 2°, the force coefficient would be known to wit 
10 per cent. Since the change in the angle occurring at the critiy 
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Figure 16.—Angle at which the pressure on cylinders of various length- 
diameter ratios is equal to the static pressure: Reynolds numbers below 
the critical 





p =pressure on cylinder 
Ps=Static pressure. 


region is only 4° and the total change between a length-diamete 
ratio of 9 and infinity is only 4°, it appears that there is some hope 0 
fixing the angle within 2°. 

This method of attack has the advantage of securing a value of the 
speed of the wind striking the chimney at the level where the measur 
ments are made. It also happens, as will be explained later, that t! 
force coefficient can be obtained from a pressure distribution cur’ 
plotted to an arbitrary scale and with an arbitrary reference pressu! 
The method has the disadvantage that the results of the measur 
ments on the large structure do not stand alone but are interpreted 
on the basis of a particular kind of extrapolation of data for models, 
extrapolation which is, however, far safer than a direct extrapolatio. 
of force measurements. . 

We wish again to point out that this method of treatment of the 
wind-pressure observations implies the division of the wind-pressult 
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FigurE 17.—The 10 X 380 foot expe rimental stack 
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»oblem as outlined in the introductory section. If it were possible 
maintain a continuous record of the pressure on the chimney over a 
Boriod of several years, a statistical study of the correlation between 
Haximum wind forces and the records of the Weather Bureau station 
veral miles away would seem to give at once the information desired 

y the engineer. However, the relative exposures of the chimney 
§nd the Weather Bureau station would affect the results, and the 
securrence of local storms at the two places at different times would so 
istort the small probabilities, which are of greatest interest, that any 
eneral application of the results would be impossible. The analysis 
wevested in this paper represents an attempt to separate out the 
Biect of the shape of the object from that of the speed of the wind. 
The object of our observations in natural winds was the determina- 
ion of force coefficients only, not that of the frequency of occurrence 
pf high winds nor of the relation between mean speed and gust speed. 


». EXPERIMENTS ON A CYLINDRICAL STACK, 10 FEET IN DIAMETER 
AND 30 FEET HIGH 


q DISTRIBUTION OF PRESSURE, STACK 10 FEET IN DIAMETER AND 30 FEET HIGH 


As the Bureau of Standards was to erect a new power plant chim- 
ney on which a more or less permanent installation could be made, it 
vas considered advisable to try the new method on a somewhat 
smaller scale and under conditions such that the natural wind mea- 
surements could be made to stand alone. For this purpose an experi- 
mental stack 10 feet in diameter and 30 feet high was erected on the 
roof of the West Building of the Bureau of Standards. (Fig. 17.) 
The stack was constructed of a comparatively light timber framework 
consisting of rings, separated by compression members, to which a 
sheet metal covering was nailed. The structure was located over a 
skylight opening, and guy wires were carried inside the structure 
io the roof beams of the building. At an elevation of about 20 feet 
above the roof, 24 pressure holes were spaced equally around the 
creumference. From each hole a separate pipe (three-eighths-inch 
diameter) was led down the interior of the stack to the observation 
room in the attic of the building. As first installed, each pressure 
hole was formed by extending the pipe itself through the sheet metal 
by a distance of about one-sixteenth-inch and holding the pipe 
in position by lock washers. It was found that the presence of these 
small projections produced large suction effects and consequent 
errors. Wind-tunnel tests showed that the size oi the opening 
within the limits used) had no large effect. Depression of the hole 
below the surface gave only small effects, but any projection gave 
large errors. The pressure holes were then reconstructed by soldering 
« tube on the inside of the sheet metal covering and drilling from the 
outside into the tube with a one-thirty second-inch drill. All burrs 
around the hole were carefully removed. 

The 24 pipes were brought together at the observing station with 
« valve in each line so arranged that all 24 valves could be opened or 
closed simultaneously by a common operating lever. The valves 
were of the plug type so that no volume changes occurred on closing 
them. Each line after passing through its valve led to one tube of 
a multiple manometer similar to the one which was used for the wind- 
tunnel tests and which was described in Scientific Paper No. 523. 
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The other side of the manometer was left open to the air in the obg 
vation room. An installation similar to the one used for the expe 
imental stack is shown in Figure 24. 

About 10 feet above the top of the stack on the west side a Pia, 
static tube was mounted on a wind vane. A sketch of the tube 
shown in Figure 18. [\y 
pressures from the Pitot anj 
7 Rows tT — Eacn static tubes were led throw, 

EEESSsES EXIF oil seals to pipes runny 
down to the observaticy 
room. The differences 
tween the Pitot and staj 
pressures and the pressure } 
the observation room wep 
measured on the manomete 
used to determine the pre 
sure distribution, replaci 
two stations on the lee sii 
of the stack where the pr 
sure is nearly the same ; r 
number of stations. 

The experimental proce. 
dure was as follows: On , 
day when the wind reache 
speeds greater than 25 mile 
per hour, the valves wer 
opened and the observe, 
watching the fluctuations, 
closed the valves when th: 
wind speed was reasonably 
high and steady. Attention 
was directed to securing the 
best approximation to steady 
conditions. The readings of 
the 24 tubes were then re 
corded. The valves wer 
again opened and the process 
repeated some 10 or 12 times, 

A typical set of observe- 
tions is shown in Table 6, 1 
the first two columns. 

The observed gauge read- 
ings are multiplied by the 
slope of the manomete 
Fiaure 18.—Sketch of Pitot-static tube and oil (0.196), by the density 0 

seal used with weather vane for measurements the kerosene (0. 820), and by 

of wind speed a conversion factor (2.045 
to obtain the pressure differences in lbs./ft.2 These pressure di 
ferences are the pressures at the several holes, measured from room 
pressure as base. From a plot (not shown) of several points nes! 
the maximum, the value of the maximum pressure is estimated % 
well as the angular position at which the maximum occurs. The 
value of the maximum pressure is then subtracted from all read- 
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; civing the amounts by'which the pressures at the holes exceed the 
;mum pressure.“* The value of the mean excess pressure at the 
is then computed, and the ratios to it of the excess pressure at 
, of the several holes is calculated. These ratios are given in the 
column of the table, and in Figure 19 they are plotted with refer- 
to the angle as measured from the estimated position of maximum 
Curves of this nature may be used to study the similarity of 
ributions at several speeds and for different cylinders. As the 
inates of the curve are ratios of pressure differences, the curve is 
irely independent of the unit in terms of which the pressures are 
ressed—it is not necessary that they be expressed in lbs./ft.? 


TaBLEe 6.—Typical observation on experimental stack 


[January 29, 1929 No. 2, Run 1] 





| | Ratio of pres- 
sure at hole to 
mean pres- 
sure on the 


} ‘ Pressure dif- 
Press p dif- z 
| ¢ ressure C1! | ference with 


tion of hole (1 is approximately north) | : F 
100 OF : Observ " rence W “ 
bserved net! ference with maximum 


‘rs run from north to east to south to 


gauge reading! room as base rear. Base 
| pressure is 
| maximum 
pressure 
| 


pressure as 


Pressure | base pressure 





Lbs./ft.? Lbs./ft.2 
—4. 34 | —7. 
—3, 98 | —7.45 

. 08 | —4. 55 
. 56 | 


. 89 











Tube leaking badly; readings discarded. 
stimated maximum pressure, 3.47 Ibs./ft.? at 9° north of hole 20. 

i pressure On rear (maximum pressure as base), —4.26 Ibs./ft.2=1.17 times velocity pressure from 
ty pressure from Pitot, 3.21 Ibs./ft.2 (35.4 miles per hour). 


‘socity pressure from distribution, using static from tube, —3.63 lbs./ft.? (37.6 miles per hour). 
uguiar separation of points at which the pressure equals static of tube, 69°. 


the curve of Figure 19 represents the distribution of pressure 
und the cylinder, with the maximum pressure, Pmax, aS the refer- 
te pressure and the difference between the maximum pressure 
ux 4nd the pressure on the rear p, as the unit of pressure. The 
‘it step is to determine the average force per unit length exerted 





ne absolute pressure at the holes is less than the maximum pressure. The ‘‘excess pressure.’’ there- 
“Y Jas & negative sign as shown in the fourth column of Table 6. 


4754°—30——12 
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upon this section of the cylinder and in a direction parallel tg; 


wind, namely 
I— Vmax max — ’ 
f max sin ods _ 7 max Pp dw 


Pr— Pmax J Pmax Pr 
































ANGLE of SURFACE ELEMENT TroWiIND 
FigurE 19.—Pressure distribution on experimental stack, sample run 
Table 6 
p=pressure at station. 


Pmaz=Maximum absolute pressure on stack. 
pPr=mean pressure on rear (juarter, 
























































SINE of ANGLE of SURFACE ELEMENT TowiINndD 
Ficure 20.—Plot for use in integrating the pressure distribution of Figure ! 
so as to gel the resuliant mean pressure at section 


p=pressure at station. 
Pmoz=Maximum absolute pressure on stack, 
pr=mean pressure on rear quarter. 


where @ is the angle of the surface element to the wind, ds is an¢ 
ment of the circumference and dw is an element of the projection 
the surface element on a plane normal to the wind; sin éds = dv, i 


it is obvious that 

P_~ Pmax _ Pmax P_ 

Pr — Pmax Pmax Pr 
The integration may be performed graphically with the aid of Figu 
20. Dividing the integral by the diameter (w) of the cylinder, ¢ 
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rage wind force per unit area at this section is obtained in terms 
nax Pr 2S UIE. For the example used, a value of 0.22 is obtained. 
\tention is again called to the fact that this value is arrived at, or 
be arrived at, from a plot of the pressure distribution on any 
‘trary scale and with any arbitrary reference pressure to begin 
1: that is, from readings on a manometer of any slope (so long 
ll tubes have the same slope) and with its reservoir connected 
ny reference pressure. If, as in the experiments described, the 
ity pressure 1s measured on the same manometer, we may deter- 
eat once the ratio of Pmax—p, to the velocity pressure (1.17 in 
xample) and hence obtain the true force coefficient (1.17 x 0.22 
26) without any knowledge of the slope of the manometer. Or, 
rom Table 4 we estimate the probable value of the zonal angle at 
ich the pressure is equal to the static pressure as 31° for a cylinder 
infinite length at Reynolds numbers above the critical region, and 
ve estimate from Figure 16 that the correction to a length-diameter 
io of 6 is 6°, obtaining a probable value of 37°, we may proceed as 
ows. From the estimated value of the zonal angle (37°) the 
rular width of the distribution curve at such an ordinate that the 
pssure equals the static pressure is estimated to be 74°. From 
ure 19, this angular width corresponds to 


PmoxP _ 0.95 
Pmax— Pr 


tat this ordinate, p=—p,, and hence pmax — P = Pmax — Ps = the velocity 
Pmax we 
q 


essure g. Thus 1__ 9.95 or 
Pmax Pr 
ficient is 1.05 0.22=0.23. This last procedure is illustrative 
ly. We have so little information as to the effect of length- 
ameter ratio above the critical region that predictions for short 
lInders are uncertain. Furthermore the experimental chimney 
) feet in diameter and 30 feet high is not mounted on an infinite 
ane but on top of a building and its effective length-diameter ratio 
hard to determine. Actually the zonal angle obtained by use of 
be static tube readings is 34.5° which corresponds to an effective 
ngth-diameter ratio of about 7 using the procedure indicated above. 
The method which has been outlined for reducing the observations 
sy appear somewhat indirect and cumbersome. Its object is to 
stpone all uncertainties until the last step, namely, until the 
termination of the ratio (Pmax—p,)/q or its equivalent, the deter- 
ation of the zonal angle at which the pressure equals the static 


réssu re, 


‘= 1,05 and the true shape 


OVERTURNING MOMENT, STACK 10 FEET IN DIAMETER AND 30 FEET HIGH 


the measurement of the pressure distribution at a given elevation 
ves information as to the average wind load at that elevation only. 
tells nothing about the actual overturning moment exerted by the 
ind. It seemed desirable to attempt to measure that directly. The 
ethod employed is indicated schematically in Figure 21. The stack 
‘supported at four points at the corners of a square, the sides of 
ich run north and south and east and west, and means were pro- 
ited, as explained later, for measuring the reactions at the four 





684 Bureau of Standards Journal of Research 


points. When no wind is blowing, the reactions will be caused gj 


by the weight of the stack. 


Rye Rse 
| 


a 
* ! 
le n, 
~~ 87 Rew 


o— =f 





: 











Se 
., 


Ruwa /7* 


Figure 21.—Diagram _ illustrating 
how the wind force on the experi- 
mental stack was computed from 
the measured reactions at four 
points of support 


F=wind force. 

Fyz=component of wind force in NE-SW 
direction. 

Fyw=component of wind force in NW-SE 
direction. 

h=height of center of stack above the plane of 
the four supports. 

2a=distance between NE and SW or NW 
and SZ supports. 

Ryz=upward reaction on cylinder at NE 
support. 

Rsr=reaction at SE support. 

Rsw at SW support, and Ry w at NW support. 


When the wind blows, the reactions, 


change. Weshall assume that; 
effect of the wind in overturn, 
the chimney is equivalent to ; 
effect of a force F' acting aj 
center of the projected areg of; 
chimney, which is at an eleva; 
h, above the plane containing ; 
points of application of the rm 
tions at the base. Weshall calls 
increase in the reaction at thenoy 
west corner, Ryyy, the othe 
Ryz, Rsz, and Rsw and shall rex 
them as positive when the upyy 
reaction on the cylinder incre 
and hence the downward force 
the measuring apparatus incre: 
The length of the diagonal of j 
square is called 2a. Resolving; 
wind force into components j 
allel to the diagonals of the ; 
square as indicated in Figure! 
and taking moments about each 
the diagonals in turn, we find 


I y W E h 


Fywh 


(Rsw— Ry x)a 
= (Rs~— Ryw)a 


The total force, I’, is given by 


fy 


and its azimuthal angle, a, {rol 
the meridian 


Pye 


Fy W 


) 


a=315°+tan 


The force coefficient Cp is given! 


. 
( > Aq 


where A is the projected area 0! t! 
stack (300 ft.”) and q is the veloc 
pressure. e 
The reactions were measured ) 
the use of pressure capsules ‘ 
the sylphon type (metal bellows 
The sylphons were connected 
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don tube pressure gauges by pipe lines, each system of sylphon, 
ing, and gauge being filled with kerosene. Each pressure gauge 
calibrated by comparison with a mercury column, and each 
shon and gauge system was calibrated in a compression testing 
chine to determine the effective area of the sylphon. When 
talled under the stack, each pipe line contained a valve, and the 
r valves were connected to a common operating lever. This was 
ing operated, the trigger being released by the lever which operated 
> valves in the pipe lines for pressure-distribution measurements. 
angements were provided for equalizing the pressures at any time 
| for refilling so as to replace any slight leakage at the valves. 
‘he lateral force on the stack was taken by a system of tension 
res approximately in the plane of the top of the sylphons. During 
rasurements of the overturning moment, the guy wires were 
ckened. The stack was not originally designed to be supported at 
r points and the necessary inclusion of the points within the 
linder reduced the stabilizing moment of the weight of the stack. 
a result of continued racking by the wind and the decreased 
istance to overturning caused by the four-point support, the stack 
ns blown from the roof on March 7, 1929, fortunately without 
rious damage to the building. The wind gusts at that time exceeded 
true wind speed of 60 miles per hour. 
Table 7 shows a typical group of readings and the method of 
duction. The chief experimental difficulties were due to the 
ability of the observer to shut off the wind so as to obtain zero 
adings. The sylphons moved very little under different loads, and 
wh could be made to take any fraction of the total load within wide 
nits by controlling the quantity of kerosene in the system. It 
as necessary therefore to equalize the pressures in the four sylphons, 
a time when there was no wind, by the simple device of inter- 
necting them. The pressures could not be exactly equalized since 
we center of gravity of the stack was not exactly at the intersection 
the diagonals of the square of the supporting sylphons. 


TaBLE 7.—Typical set of observations on overturning moment 
i g 


[h=14.33 feet, a=3.98 feet, effective area of sylphon=97 in.?] 





Sylphon | NW 








ro (no wind) SemeeeraciBeenGasnuaacsncakcas a ONES | 


ae RR Bea ORE PERE =a 


— 630 


_.-.--pound 





lence 


7 (= 291 107)3.98_ 
Fye= 14.33 =—111 pounds 


: 572 + 630)3.98 
Py << 6308 = 334 pounds 


F= §334?+ 1112 =353 pounds 
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From Table 6, gq from distribution=3.63 Ibs./ft.2. Henee 
353 | 


== = ().32. 315° 4+ tan-!- 
363X300 082) & = 815° + tan 


334 315° — 18° = 297° as oq 
pared with 289° from the distribution. Owing to a small amp 
of leakage and to some creeping of the sylphons under load (the ¢ 
metal of the bellows was loaded somewhat above the elastic |i; 
the zero readings showed a certain amount of drift which could 9 
be checked by observations when there was no wind. The em 
introduced can not, in general, exceed 10 per cent and are probab); 
the order of 5 per cent. 


(c) SUMMARY, STACK 10 FEET IN DIAMETER AND 30 FEET HIGH 
Table 8 contains a summary of all observations of the overtun; 


moment and the derived force coefficients, together with the ¢; 
taken simultaneously on the pressure distribution. The table , 


contains the readings obtained from the Pitot-static tube. Throw 
out the table the static pressure is that obtained from the sty 
connection of the Pitot-static tube. The velocity pressure used; 


1 


the computation of force coefficients is that obtained from the ma 
mum pressure on the cylinder and the static pressure from ¢ 
Pitot-static tube. Column 8 of the table shows that the wind spe 
as obtained from the Pitot-static tube is on the average nearly tj 
same as that obtained from the maximum pressure on the cylind 


and the static pressure from the Pitot-static tube. 
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Column 12 shows a mean width om the distribution curve at the 

el of the static pressure as 70.4°+ 2°; the zonal angle is therefore 
© The value estimated from the Tittle information available on 
ort cylinders by assuming the same relative effect of length-diameter 
tio above the critical region of Reynoids numbers as observed below 

e critical region and by assuming the effective length-diameter 

tio to be the same as if the cylinder were standing on an infinite 
ane surface, is 37°. The use of this estimated value would lead 
force coefficients about 10 per cent lower than those given. The 
inder does not stand on an infinite plane surface, and its effective 

meth-diameter ratio is therefore somewhat oreater than 6. 

(olumn 16 shows the mean force coefficient obtained from the 
cera to be 0.28 + 0.02, while that obtained from the overturn- 
gmoment is 0.39+0.04. The local loading at an elevation of two- 
irds the height is therefore only about three-fourths the average 
ading on the whole stack. This is a somewhat greater difference 
han that shown in Figure 10 for the model experiments on cylinders 
{ somewhat greater Tength- diameter ratios. It may be remarked 
hat possible errors in the determination of the velocity pressure do 
pot affect the relative values of the force coefficients, since the same 
alue is used for the determination of the coefficients from the dis- 
col and from the overturning moment. The greater difference 
tween the two values for the experimental stack 1s probably asso- 
iated with the smaller length-diameter ratio. 

The value of 0.39 corresponds to a mean pressure on the projected 
prea of the cylinder of 10 lbs./ft.? at a wind speed of 100 miles per hour. 
‘his figure is about one-half that commonly used in the design of 
himneys. However, chimneys are much taller in proportion to their 
liameter than the experimental stack, and, therefore the results 
tained on the short stack can not be applied to chimneys without 
some further justification. The object of the measurements on the 
experimental stack was to test a method of procedure for measure- 
ments on an actual chimney. The results of the test are reasonably 
satisfactory when the attendant circumstances are considered. 


3. POWER PLANT CHIMNEY 


On the occasion of the construction of a new power plant at the 
Bureau of Standards, provision was made for measuring the distri- 
bution of wind pressure on the stack at a single elevation, so that 
some information might be obtained as to the wind pressure on an 
actual chimney. The chimney is of radial brick, 200 feet from the 
foundation to the top of the chimney, the internal diameter at the 
top being 10 feet. The foundation is, however, considerably below the 
street level, and the top of the chimney i is only about 120 feet above 
the highest part of the power plant building. A view of the stack and 
its surroundings taken from the East Building of the bureau and 
looking tow ard the northwest is shown in Figure 22, and a drawing 
is given in Figure 23. The parapet on the Northwest Building (the 
one to the left in fig. 22), on which the tower and wind vane are 
mounted, is about 88 feet below the top of the chimney. The ele- 
vation selected for the pressure observations is about 41 feet below 
the weed the external diameter of the chimney at this point being 

1.8 feet 
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The dark line in Figure 22 running down the south side of the sip: 
is caused by the group of 24 three-eighth inch brass pipes connec 
the pressure holes with the observing room in the building. 1, 
pipes are under the ladder, which does not show in the reproducti 
The pressure openings are located in a plane 2 feet above the top 
the dark line, in a wide mortar joint indicated in the figure, A pjy 


b-11=3%4 


r= 

















PLANE OF 
PRESSURE HOLES 











oe! 























Figure 23.—Skcich of power plant chimney 
showing principal dimensions 


runs from each opening to the interior of the chimney, thence arou! 
the inside of the chimney and down to the point of assembly, whe 
all are brought outside and down under the ladder. The opening 
are simply the squared off ends of the three-eighth inch pipes. Pr. 
caution was taken to have no projections, the installation bein 
supervised by one of the authors. The area around the pipes 
pointed up. Notwithstanding these precautions the surface of {| 
chimney is not a smooth surface, even around the holes, but in v 
of our experience with the experimental stack and with a model 
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FIGURE 24. | observer’s station on the power plant chimney 
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: of the surface in the wind tunnel, the errors are not believed 
» very gre at. 
osides the ladder running down the south side of the chimney 
dt the 24 pipes, there is another projection on the north side, a 
ng conductor leading from the lightning rods at the top of the 


til 
— to the ground. The stack is " slightly tapered as indicated 
Figure 23, and there are certain project tlons in connection with the 
mamentation at the top. The chimney is not, therefore, exactly 
dreular cylinder, its surface is not smooth and, in view of the 
rrounc ding topography (fig. 22), a determination of its effective 
th-diameter ratio is somewhat difficult. We may perhaps esti- 
ate _* fective length-diameter ratio as roughly 15 to 20, consider- 
he chimney as equivaler 1t to a 100-foot stack standing on an 
tog lane surface. From Table 4 and Figure 16 we would then 
timate the zonal angle at which the pressure equals the static 
ressure aS at”, 
in attempt was made to secure independent checks of the wind 
aid by means of a Pitot-static tube (the same used on the experi- 
ntal stack and shown in fig. 18) mounted on a tower on the North- 
est Building. (See fig. 22.) “The Pitot- static tube was approximately 
B) oe horizontally from the chimney and some 20 feet below the 
ration of the pressure holes. The gauge was installed in the 
rthwest Building, and an electrically operated shut-off valve was 
viatied. to the trigger mechanism on the pressure distribution 
pparatus. Repeated series of observations have shown only a 
hance relation between the speed at the chimney and the speed at 
he wind gauge. One speed may be zero when the other is a maxi- 
hum, or the two may occasionally vary together. In the case of the 
\perimental stack where the wind gauge was only 20 feet from the 
ressure holes, the correlation was good. At six times this distance, 
here js no relation between the two speeds. The observing station 
s very similar to that described for the experimental stack. It is 
hown in Figure 24. The details of the mechanism do not show very 
learly since one sees the 24 operating levers end on. The details 
{operation and of computation were the same as described for the 
\perimental stack. In general, however, the results have been com- 
uted in the form of averages of groups of points. A typical plot of 
t croup of observations is shown in Figure 25. 
The result of some nine groups of observations gives an <p 
alue of 0.37 +0.02 for the ratio of the average force per unit are 
i the projection to the pressure difference between the lee side of the 
chimney, p,, and the maximum pressure Pmax. Assuming the zonal 
angle at ‘which the pressure is equal to the aie pressure to be 31°, 
the ratio Of Pmax— pr to the velocity pressure is found to be 1.82, and 
hence cage true shape coefficient 1.82 0.37 =0.67, a value corre- 
sponding to a pressure of 17.1 !bs./ft.’ at a true wind speed of 100 
one per hour. This value is considerably higher than the value 
‘tained on the short cylinder, a fact to be attributed mainly to the 
vreater length- diameter ratio, but probably to some extent to the 
reater roughness of the ac tual chimney. 
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V. RESUME 


In Figure 26 we have plotted for comparison the distriby; 
around the 12.6-inch cylinder at section 6 obtained in the wind ty, 


240° 
ANGLE of SURFACE ELEMENT TeWIND 


Ficgure 25.—Pressure distribution 41 feet from the top of the power-pla 
chimney, group of 12 runs 
p =pPpressure on chimney. 
Pmax= Maximum absolute pressure on chimney. 


}} | =mMean pressure on rear quarter of chimney. 
All 41 feet from the top. 


21 300° 330° 360° 30° 60° 90° 120° 150° 180° 
ANGLE or SURFACE ELEMENT reWiND 
FigurE 26.—Comparison of distribution curves from modei test, experimental 
stack, and power-plant chimney 
Pp =pPpressure on chimney. 
Pmax= Maximum absolute pressure on chimney. 
~, =mean pressure on rear quarter. 


A, 12.6-inch cylinder in wind tunnel, distance from top=1.4 diameters. 
B, 10 by 30 foot experimental stack, distance from top=1 diameter. 
C, power-plant chimney, distance from top=3.6 diameters. 


at a speed of 80 ft./sec., the distribution around the 10 by 30 fee! 
experimental stack, and the distribution around the power pla 
chimney, all expressed in terms of the difference between the press! 





Wind Pressure on Chimneys 693 


te ke lee side and the maximum pressure. In Figure 27, the same 
's are given in terms of the velocity pressure, known in the cases 
he 12.6-ine h eylinder and the 10 by 30 foot stack, but for the 
-e] r pi int chimney obtained on the assumption of a zonal angle of 
for the point at which the pressure equals the static pressure. 
ata are of the same general nature but very considerably 
rent in detail. 
e general conclusions to be drawn from our work are as follows: 
_The wind pressure on a chimney at a given wind speed is a func- 
of the ratio of the height of the chimney to its diameter and 
bly also of the roughness of its surface. 
Model experiments can not be directly utilized in determining 
foree coefficients on chimneys because of the large effect of the 
e and speed as combined in the Reynolds number. 























eat 
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120° 
ANGLE er SURFACE ELEMENT reWiNnd 
-Comparison of distribution curves from model test, experimental 
stack, and power plant chimney 
ure on chimney. : ; : 
itie pressure, g== velocity pressure. For the power-plant chimney (curve C), p, is assumed 
equi | to the value of p at the zonal angle 31°. 
2.6-inch cylinder in wind tunnel, distance from top=1.4 diameters. 
) by 30 foot experimental stack, distance from top=1.0 diameter. 
wer-plant chimney, distance from top=3.6 diameters. 


A wind pressure coefficient corresponding to 20 lbs./ft.? of pro- 
ad area at a wind speed of 100 miles per hour is a safe value for 
ein designing chimneys of which the exposed height is of the order 
‘ten times the diameter and a reduction below this figure does not 
em to be justified in the light of the results of our experiments when 
wance is made for the fact that the pressure was measured at a 
cle elevation. 
+. Locally, the pressure may reach large values. This may need 
be considered in the design of thin walled stacks of large diameter. 
}. Further experiments are necessary for obtaining satisfactory 
rmation as to the variation of wind pressure with the ratio of 
haght to diameter. 


Wasnincton, March 26, 1930. 
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IERMOMETRIC LAG OF AIRCRAFT THERMOMETERS, 
THERMOGRAPHS, AND BAROGRAPHS 


By H. B. Henrickson 


ABSTRACT 


4 constant which will be called the time lag has been determined experimentally 
thermographs, barographs, and of the temperature element of a Fergusson 
te orograph. When the instruments are exposed in the same medium and to 
esame ventilation this constant can be used to evalute their thermometric lag. 
th e purpose of comparison this constant was also measured for a number of 
ratory thermometers. The tests on the thermometers and thermographs 
re Ms ade in an air stream of 17 m. p. h. and those on the barographs in still air 
lin an air stream of 10m. p. h. Results for the thermometers show that the 
ui lille dtype has the greatest time lag and therefore under similar conditions 
exposure the greatest thermometric lag, followed in order by the bimetallic strip 
pe at id the electric resistance thermometers. All of the barographs, even the 
-cased types, have a far greater time lag than the thermometers, but the lag 
r acter considerably by moderate ventilation. The lag of the thermometers 
bnced from 3 to 72 seconds, whereas that of the barographs in still air ranged 
92 to 64 minutes. The lag of the temperature element of the meteorograph 
.sfound to be 3 minutes in still air and 11 seconds in an air stream of 17 miles 
r hour. 
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I. INTRODUCTION 


The thermometric lag of aircraft thermometers used to measure air 
emperatures may introduce considerable error when the instruments 
re used under conditions where the air temperature is changing. 
Sich conditions exist, for example, during the climb of an aircraft or 
asounding balloon, and here the lag of the air thermometer must be 
considered if accurate measurements are desired. 

Determinations have been made of a constant, which is called tho 
ume lag, for a representative group of indicating and recording instru- 
nents which were selected from those available from time to time 

wing the past five years. A number of the temperature elements, 

cluding experimental types, of the electric resistance thermometers 
thich were constructed for the National Advisory Committee for 
Aeronautics and the Bureau of Aeronautics of the United States 
\avy have also been tested. The cooperation of these organizations, 
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of the Weather Bureau, and of the various manufacturers who mmequatl¢ 
mitted instruments for the investigation is acknowledged. 
Owing to their value to the designer of instruments and perhgy 
others, data have also been obtained on a number of thermoy 
of types not ordinarily used in aircraft. this e 
In addition, measurements of this constant have been mad fi.) th 
representative types of barographs. The data obtained are of par ae 
lar value in computing the thermal lag of barographs during } a 
test in the laboratory for the effect of temperature, and thus fumi on 
ing in a measure the minimum time required for the instrumen fi mam 
come to any chosen degree of temperature equilibrium in the tem es the 
ature chamber. Further, when no provision is made for the measy 
ment of the instrument temperature either in flight tests or in| 
altitude flights, the approximate temperature of the instrument y 
be computed from a knowledge of the time lag, together with dat men 6 
the ventilation of the instrument during flight and the air temper: 
at the ground level. This temperature is useful in estimating 
determining the error introduced by the variation of the temperaty 
of the barograph. 


II. RELATION OF TIME LAG AND THERMOMETRIC Ls 


A detailed discussion of the question of thermometric lag is giv 
in a paper by Harper.!. The method, apparatus, and procedure 
described in a previous paper. With some modifications thi 
repeated here for ready reference. 

In general, a problem of thermometric lag can be treated wi 


sufficient accuracy by assuming that Newton’s law of cooling appli 
that is, that the rate of change in the temperature of the thermomet 
is proportional to the difference between this temperature and {! 
of the surrounding medium. If Tbe the temperature of the thermon 
eter or instrument, ¢ the time, and U the temperature of the mediu 
Newton’s law is expressed by the equation— 


ae U-T 

dt Xv ( ) 
where \ is a constant which will be called the time lag, since it hi 
the dimensions of time. 

The equation is written so as to make \ a positive constant, / 
if \ is positive, and U is higher than 7’, d7/dt will also be positiv 
The constant of proportionality is written in the form 1/\ for con 
venience, because when so written \ can be interpreted in a simp 
and useful manner. 

Two cases differing as to the temperature, U, of the bath or su 
rounding medium are of interest here. In the first case the tem 
perature has a constant value U,, that is— 

U=U,) 
In the second, the temperature varies uniformly with time at a rt 
r, that is— 
U=U,trt 


1 Thermometric Lag, B.S. Bull., 8, p. 659-714; 1912. (S. 185.) : 
2H. B. Henrickson and W. G. Brombacher, Lag of Thermometers and Thermographs for Alct 
Mo. Weather Kev., 55, p. 72-73; 1927, 
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Integrating equation (1) on the basis of the assumption expressed 


equation (2) gives the relation— 


To- Uy _ t 
log, T— Us x (4) 


this equation Up is the temperature of the bath or medium in 
ich the thermometer or instrument is placed, 7) the initial tem- 
rature of the thermometer at time t=0, and 7’ the temperature of 
» thermometer, at time f. 

fon the other hand, the temperature of the bath is changing in 
> manner defined in equation (3), the integration of equation (1* 
es the expresslon— 


T—U=-—rr4+(Ih—Upt+r d) o™ (5) 


hen ¢, the time in which the instrument has been in the bath, 
large compared with A, the time lag, the last term of the right- 
nd member of equation (5) becomes negligible. This condition 
ile most common one. Equation (5) then reduces to— 


T—U=-r»x (6) 


equations (5) and (6), Uy and J) are the initial temperatures, at 

-0, of the bath and the thermometer, respectively; U and 

the corresponding temperatures at time ¢t; r is the rate of 
ange of temperature of the bath; and e is the base of natural 
rarithms (2.72). 

\t follows from equation (4), that if a thermometer be plunged 

toa bath maintained at a constant temperature (the thermometer 
initially at a different temperature), \ is the number of seconds 
which the difference between the thermometer reading and the 

—_ ature is reduced to e~' times its initial value. 

‘time required to reduce the difference in temperature between 
ethermometer and the bath to any fractional amount of the original 
ference can be easily computed from equation (4). The computa- 
ishows that the difference in temperature reduces to 0.1, 0.02, 
| 0.01 of its original value in a time of 2 2.3, 3.9A, and 4.6), 
spectively. For example, if a thermometer having a time lag of 
}seconds under the conditions of use is initially at a temperature 

20° C. and is then placed in a bath at —30° C., it will indicate 
2° C. in 23 seconds, — 29° C. in 39 seconds, and —29.5° C. in 46 
PCONAS. 

sa further example which is of some practical interest in testing 
‘truments, assume an instrument to have a lag of 20 minutes in 
: air, and to be initially at a temperature of +20° C. If it is 
ut into a test chamber held constant at a temperature of —30° 

the air in the a. pes at rest, the instrument a 
ll drop to —25° C. i 2X20 or 46 minutes, and to —29° C. in 
‘minutes, or 1.3 * ioc 
For the conditions under which equation (6) applies, the following 
erpretation obtains: 
Ifa thermometer has been immersed for a long time in a bath 
uose temperature is rising at uniform rate, \ is the number of 
onds between the time when the bath attains any given tempera- 
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ture and the time when the thermometer indicates this temperaty 
In other words, it is the number of seconds the thermometer “ le 
behind such a temperature. 

As is evident from equation (6), the difference between the tay 
perature of the bath and the thermometer, is the a of 
time lag and the rate at which the temperature of the mediuy, 
bath is chs anging. 

The thermometric lag is of especial importance in the measure: 
of air tempera ture during the climb of an aircraft. In the per forma 
testing of aircraft a maximum rate of climb is usually maintai 
and, therefore, the temperature of the free air in the vicinity o 
aircraft is decreasing. Although the rate of decrease of temp 
is by no means constant owing to the falling off in the rate of ¢| 
with altitude and the possible existence of inversions in the air | 
perature cradient, the order of magnitude of the difference in tem); 
ature between the thermometer and the air can be evaluated | 
equation (6). It may be assumed that the time lag of a thermome: 
increases as the density of the air decreases or as the altitude increas 
which in some measure offsets the effect due to the falling off in ry 
of-climb with altitude. With these reservations in mind, 
that an airplane climbs at a rate of 3,000 feet per minute in an ain 
phere in which the average conditions of free air temperature ex 
The value of 7 is then approximately 0.1° C. per second. Furth 
assume that the time lag, A, of the thermometer when exposed tot 
free air moving at the air speed of the airplane is 10 seconds. Insert 
these values in equation (6) it is seen that (7’— U) equals 1° C., whi 
means that the indication of the thermometer lags 1° C. behind 4 
free air temperature. If the time lag is assumed to be 30 seconds, 
indication lags 3° C. 

The indications of instruments are affected by changes in temp 
ture. This fact is of particular importance in the case of barograp 
used in the measurement of air pressure at high altitudes. q 
approximate temperature of the instrument must be known in o! 
to determine the pressure accurately. Since the time lag, \, is rel 
tively large for barographs, equation (5) applies, and not the ~" 
equation (6). A computation shows that if Zo is equal to U 
temperature differences given by equations (5) and (6) are Sp 
within 2 cent when t¢ exceeds 4 X. As an example, assume that 
barograph has a time lag of 20 minutes under the conditions oi 1 
and that the temperature of the surrounding air decreases by 3° 
per minute. The temperature differences on these assumpt! 
determined by both equations (5) and (6) are given in Table | 


TABLE 1 


T- -U 
Sartore } 
boa a y| tempera- |— 
perature U| ture T’ 
} 


Time (minutes) 


Equation 
(5) 
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: is recognized that the temperatures to which a barograph may be 
ected during flight do not follow the simple assumption of a 
‘form rate of ‘decrease. In fact, actual conditions are such that a 
pstantially uniform decrease of temperature is experienced during 
inst part of a climb, followed by a period during which the tem- 
prature of the surrounding air is practically constant. Such cases 
n be dea lt with by application of both formulas (4) and (5). 


1. METHOD OF DETERMINING LAG AND EXPERIMENTAL 
PROCEDURE 


Equation (4) was adopted as the basis for the method of determin- 
» the time lag \, of the thermometers and barographs. For this 
rpose, the equation is written in the form 
t 
T,)— Us 
loge — U, 


which the notation is the same as that previously given. 
The temperature elements of the thermometers under test were 
ught to a temperature 7,=0° C. by packing them in ice, and the 
raphs and meteorograph to 7,=—20° C. by placing them in a 
ichamber. Thin sheet metal containers, just large enough to hold 
various thermometer bulbs, were used to keep the bulbs dry while 
ed in cracked ice. Each instrument was then suddenly immersed 
‘ e air stream of a wind tunnel at room temperature Uo, which was 
pproximately +25° C. Observations were made of the changing 
dings of the thermometers at known intervals of time. The tem- 
ture of the air in the wind tunnel, U», was also noted and was 
ind to be constant during the short period of time required to 
‘ain the wind-tunnel observations, usually about one minute. In 
he case of the barograph tests this time was decidedly longer, but the 
age in room temperature was always found to be negligible. Any 
uracies in this connection would result in marked deviations 
straight line of the points at the right ends of such curves as 

e plotted in Figures 1 or 2. 

The wind tunnel consisted of a cardboard tube 10 inches in diameter 
t around two electric fans, one placed at each end of the tunnel. 
lopening was cut in the middle of the tube and a Pitot-Venturi 
le of known calibration was inserted in order to measure the air 
The pressures developed by the nozzle were observed on a 
ter 1 manometer. On 110 vo Its the fans developed an air speed of 


r\= 


] 


bulbs of all indicating instruments were hak in the Ww ad 
unel so that the long axis of each instrument or element was at 
t angles to the axis of the wind tunnel. The principal planes 
the temperature elements of the thermographs were parallel to 
axis of the wind tunnel during the tests. In the case of the Fergus- 
1 meteorograph, the air channel of the instrument was placed at 
‘angle of approximately 45° with the axis of the wind tunnel. All 
irographs were tested with their covers in place and with their long 
es parallel to that of the wind tunnel. 
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IV. RESULTS OF TESTS ON THERMOMETERS AND Tur 
MOGRAPHS 


The time ¢t, plotted against the ratio 
vy’ a 
i nisl l o 
Tr —U, 
is shown in Figures 1 and 2 for representative instruments. ‘; 
ratio is plotted on a logarithmic scale using common logarithy 
The slope of the line is the time lag, \, provided that the abseiss 
are converted to logarithms to the base e. <A bnief descriptiy 
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To-Uo 
T —Uo 
Figure 1.—Data on thermometers and thermographs in an air stream of 


miles per hour 


The time in seconds required for the instrument to attain a temperature of T° C. is shown as4 
function of the quantity 
To— Uo 


T— Uo 
where 7» is the initial temperature of the instrument and Up the temperature of the medium in 


the instruments, including values determined for the lag, is giv 
below. Sketches of representative thermometer bulbs are give 
in Figures 3 and 7, and their lags in an air stream of 17 miles per h 

are given in tabular form in the summary, the buibs being arrang: 
in the order of decreasing lag values. 

Data given by Harper for a “‘chemical” mercurial thermomet 
cover a range from 0 to about 24 miles per hour. Extension 
flying speeds involves a very considerable extrapolation, but 9 
plotting 1/A against the logarithm of the speed the curve can ‘ 
approximately rectified. Extrapolation of this rectified curve 14 
cates that at flying speeds the lags of all the thermometers describe 
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Jow would be reduced to approximately one-half of those deter- 
ined at the air speed of 17 miles per hour. The data for two air 
needs given for instruments T-15 and T-22 in the following, also 
ndicate that at flying speeds the lag would be about one-half of that 
etermined at 17 miles per hour. 

The thermometers tested may be conveniently divided into the 
Jlowing types: Liquid-filled, vapor-pressure, liquid-in-glass, bimetal, 
nd electric-resistance. Of these the liquid-filled, vapor-pressure 
\d electric-resistance types may be used for distant indication, 
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To—-Vo 
T laa: U Oo 
FiaurEe 2.—Data on barographs and a meteorograph in 
still air 


The time in minutes required for the instrument to attain a tem- 
perature of T° C. is shown as a function of the quantity 
To— Us 
T—Uo 
where 7> is the initial temperature of the instrument and Uo the tem- 
perature of the medium in °C. 


Itis obvious that the time lag of an instrument of any given type 
epends largely upon the design of that particular instrument. Thus 
1 the hquid-in-glass instruments, the time lags given below range 
tm 17 to 57 seconds in an air stream of 17 miles per hour. The 
‘sign in turn must meet the service requirements, the effect of which 
‘illustrated by the difference in the time lags of the liquid-in-glass 
tut and laboratory thermometers. The lags range from 32 to 57 
eeonds for the strut type, and from 17 to 28 seconds for the labor- 
tory type. However, allowing for the differences in time lag of 
ndividual designs of a given type of thermometer, each type is in- 
Kerently limited in the lowest value which may be obtained. Thus 
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. 18 
T-/3 T-22 
Fictre 3.-—Sketcies of the temperature elements Figure 7.—Sketches of variow 
of a number of thermometers and thermographs of temperature elements fo 


\ of ann > 20 nid 
T-1, liquid-in-metal tubes; T-2, liquid-in-glass strut ther- resistance thermometers and 
mometer bulb; T-3, liquid-in-glass strut thermometer bulb; metal element 
T-5, liquid-filled bourdon tube; T-6, liquid-in-metal bulb; T-8, t - F Lrg 
liquid -in-glass strut thermometer bulb; T-9,liquid-in-me talcoil: T-15, electric resistance element, t 
7 1 liquid-in-glass thermometer bulb; T-13, liquid-in-glass No. 36 nickel w ire; T-17, bi-met al sti 
thermometer bulb. 0.023 inch thick; T-18, electric resistance | 
two layers No. 36 nickel wire; T-20, e 
sistance element, one layer No. 40 nickel ™! 
T-22, wire weave resistance element, ole 4) 
No. 40 nickel wire. 
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Figure 4, Airplane strut thermometer 


for measuring free air 


temperature 
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higure 5.—Liquid-filled, distant indicating aircraft thermomete: 
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RE 6.—Minimum temperature recording strut thermometer 
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Figure 8.— Electric resistance thermometer for measuring free air temperati 


The temperature element is shown to the right, and above it the resistance coil 
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he data show that a thermograph with a bimetal element can be 

ode with a lower lag than one with a liquid-filled Bourdon tube. 

n general, the time lag of properly designed liquid-filled elements of 
i ‘types usually exc seeds that of bimetal elements which in turn 

ceeds that of comparable resistance elements. It is realized that 
ther factors enter into the choice of a type to be used so that the 

nal decision is usually a compromise. 

The time lags given in the following list are those for exposure in an 
sir stream of 17 miles per hour unless otherwise noted. 

7-1. Thermograph with liquid-in-metal-tubes bulb —This instrument 
‘as originally designed to record free air temperature. The bulb 
ras to be mounted on the strut and the recorder in the cockpit. The 
nstrument also contained an element for recording the air tempera- 
we in the cockpit, the lag of which is reported under T—5. Tho 

ubular bulb, consisting of five metal tubes arranged in the form of 
p oridiron, was unusually large. Each tube measured 7 inches in 
eth by 0.19 inch in external diameter. In eddition, to having 
, considerable mass of liquid, the element also had a considerable 
mass of metal. The bulb is represented in sketch F-1 of Figure 3. 
ime lag, A, 72 seconds. 

[-2. Strut thermometer, liquid-in-glass bulb——This is a column- 
ype instrument such as is shown in Figure 4 and is designed for use 
ks an airplane strut thermometer. The corrugated cylindrical bulb 
f this instrument was unusually large compared with the ordinary 
hemical thermometer, and contained a considerable mass of glass 
end liquid. Jt measured 1.75 inches in length by 0.43 inch in diam- 
eer. It was protected by a metal sun shield which was perforated 
at the leading and trailing ends so as to permit air-flow around the 
bulb. The over-all dimensions of the entire thermometer were 26.5 
inches in length, by 3.75 inches in width, by 1 inch in thickness. 
The bulb itself was hike that shown in sketch T-2 of Figure 3. Lag, 
57 seconds. 

T-8. Strut thermometer, liquid-in-glass bulb —This instrument was 
of the same make as T- 2, but of slightly different bulb design, as 
may be seen by comparing sketches T-2 and T-3 of Figure 3. The 
bulb was 2 inches long, and of circular cross section measuring 0.31 
inch in diameter. This bulb also contained a considerable mass of 
liquid. Lag, 52 seconds. 

T-4. Radiator thermometer, vapor-pressure type—This type of 
instrument is commonly used to measure the temperature of a 
cooling water or oil of an airplane motor. The instrument had : 
metal bulb 3.5 inches long, with a circular cross section measuring 
(44 inch in diameter. Lag, 48 seconds. 

T-5. Thermograph, Bourdon tube liquid-filled.—This unit was the 
part of the instrument described under T-1 which measures the air 

‘emperature in the cockpit. The Bourdon tube was 2.5 inches long, 
1.25 inches wide, and 0.12 inch thick. A sketch of the element is 
shown in T—5 of Figure 3. Lag, 46 seconds. 

J 6. Strut thermometer, distant reading, liquid-filled—This in- 
strument had a liquid- filled bulb with 11 radiation disks placed along 
its length. The bulb was 3.1 inches long, and had a circular cross 
section which measured 0.4 inch in diameter. The outside diameter 
0: the radiation disks was 0.75 inch. The bulb is shown in sketch 
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T-6 of Figure 3. A photograph of the entire instrument is showy y 
Figure 5. Lag, 39 seconds. 

T-7. Thermograph, Bourdon tube, liquid-filled—The Bourdon ty, 
was 2.25 inches long, 0.62 inch wide, and 0.06 inch thick. Th 
temperature element was similar to that shown in sketch T-5 
Figure 3. The over-all dimensions of the instrument were 6.5 inchs 
in len th, by 8 inches in height, by 3.75 inches in width. Lag, » 
secon 

T- "8. ‘Strut thermometer, liquid-in-glass.—This instrument yi 
somewhat similar to T—3 described above, including also the cover {y, 
protecting the bulb from the sun. The instrument differed {roy 
T-3 in that the bulb was much better streamlined and had less may, 
Instead of a circular cross section, the bulb had a very flat elliptic 
cross section with the narrow edge heading into the air stream. Thy 
length of the bulb was 3.25 inches, the width 0.50 inch, and the thick. 
ness 0.19 inch. A sketch of it is shown in T-8 of Figure 3. Front 
and profile views of the instrument are shown in Figure 4. Lag, }) 
seconds. 

T-9. Strut thermometer, liquid-in-metal helical bulb.—This in 
strument was of the same general type as T-6 described aboy 
except that the bulb in this case was made in the form of a long tubuly 
helix of approximately five turns. The over-all length of the coilel 
bulb was 5.5 inches, and the diameter of the tube was 0.44 inc) 
The bulb of this instrument is shown in the sketch T-9 of Figure } 
Lag, 30 seconds. 

T-10. Minimum-temperature-recording strut thermometer.—This in- 
strument was designed primarily for recording the minimum ten: 
perature of the free air at the ceiling of high altitude flights. 4 
bimetallic strip of brass and invar-steel, with a thickness of 0.3) 
inch and a width of 0.25 inch, coiled into a flat spiral of two and on- 
half turns, was securely attached to an aluminum base plate whic! 
could be taped to the strut. A rectangular piece of celluloid, ben: 
over a streamlined form, served as a cover that had the advantay: 
of being transparent. The leading and trailing edges of this cover 
were perforated in order to allow the air stream to ventilate effectively 
the temperature element. The weight of the entire instrument, was 
2 ounces. A photograph of the device is shown in Figure 6. Lag, 
29 seconds. 

The same bimetal coil with pointer attached was removed from its 
casing, and mounted on a thin flat piece of bakelite 0.06 inch thici, 
by 2.5 inches wide, by 4.25 inches long. Without covering of any 
kind, the coil was placed i in the wind tunnel in such a position that t! 
air stream could readily flow through its convolutions. The bg 
when determined in this manner in an air stream of 17 miles per how, 
was found to be reduced to 10 seconds. ; 

T-11. Laboratory thermometer, liquid-in-glass type. The bulb 0 
this thermometer was cylindrical in shape, 0.75 inch in length b 
0.22 inch in diameter. The over-all length was 12 inches. 
liquid was believed to be colored pentane. This bulb is shown 
sketch T-11 of Figure 3. Lag, 28 seconds. 

T-12. Laboratory thermometer, liquid-in-glass type—The bulb 
the thermometer was clyindrical in shape, 1.25 inches in length b 
0.25 inch in diameter. The thermometer had an over-all Torsth o 
12 inches, and was very similar to T-11. Lag, 26 seconds, 
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FIGURE 9.—Fergusson meteorograph 


The bimetallic temperature element is mounted in the channel at the right end of the 
instrument, 
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Figure 10.—Dual traverse barograph with cover re moved 


The lower stylus records the instrument temperature. 
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7-13. Laboratory thermometer, mercury-in-glass type-—The bulb 
ss cylindrical in shape, 0.5 inch in length by 0.19 inch in diameter. 
The instrument had an over-all length of 10 inches. As the thermom- 
eter was filled with mercury, the lag was somewhat less than for a 
<milar instrument filled with a liquid such as pentane. The bulb 
of the instrument is shown in sketch T-13 of Figure 3. Lag, 18 
seconds. 

{-14. Laboratory thermometer, mercury-in-glass type-—The bulb 
of this thermometer was very similar to T-13. It was cylindrical in 
shape, 0.63 inch in length by 0.19 inch in diameter. The instrument 
rad an over-all length of 9 inches. Lag, 17 seconds. 

7-15. Electric resistance thermometer, model No. 1.—This instru- 
ment was constructed for the National Advisory Committee for 
Aeronautics by the Bureau of Standards. T-15 was the first of a 
sries of experimental types of resistance elements which were con- 
structed. It is shown in the sketch T-15 of Figure 7. The element 
consisted of a three-layer coil of No. 36 single silk-covered nickel 
yire, wound on a thin, hollow, metallic bobbin 2.25 inches long by 
\62 inch in diameter. The resistance was 205 ohms at +20° C. 
Holes were bored into the outside protecting tubing so as to reduce 
the thermal lag. For this particular element the lag was found to be 
i7 seconds (the average of six determinations) in an air stream of 
\7 miles per hour. The lag was found to be 22 seconds (the average 
of two determinations) in an air stream of 10 miles per hour. 

T-16. Thermograph, flat bimetallic strip temperature element.— 
This instrument was designed and built by the Bureau of Standards 
for the Bureau of Aeronautics, Navy Department, for the purpose of 
recording free-air temperatures in flight test work. The invar-brass 
bimetal temperature element was very similar to that shown in the 
sketch T-17 of Figure 7. It measured 2.75 inches long, 1 inch wide 
at the fixed base of the strip tapering to 0.75 inch at the end, and 
0.030 inch thick. The strip was caauieted from the aluminum base 
of the at by mounting it upon a block of bakelite. Lag, 
15 seconds, 

I-17. Thermograph, bimetallic strip temperature element.—The 
thermal element of this recording instrument of foreign make was 
very similar to T-16 described above. The flat strip, 2.5 inches long 
by 1 inch wide by 0.023 inch thick, is shown in the sketch T-17 of 
Figure 7. Lag, 13 seconds. 

T-18. Electric resistance thermometer, model No. 2.—This element 
was designed and constructed for the National Advisory Committee 
for Aeronautics. The temperature element consisted of No. 40 single 
ilk covered nickel wire, wound around a rectangular piece of brass, 
(.093 inch thick by 2.56 inches long by 0.87 inch wide, of which the 
ier portion was removed so as to leave an eighth of an inch margin 
allaround. The nickel wire, 200 ohms at 26° C., was secured to the 
brass frame with bakelite varnish. This frame was then mounted 
within a perforated housing of 0.09 inch brass, 1.12 inches wide by 
-.06 inches long, in order to give it mechanical support and protection 
om the sun. The over-all length including the projecting ends of 
the base of the box was 7.75 inches. The projecting ends afford a 
tady means for attaching the element to the airplane. The sides of 
the protective casing were perforated with many holes in order to 
secure adequate ventilation of the inclosed temperature element. 
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The element in its housing 1s shown in sketch T-18 in Figur ; 
Lag, 12 seconds. 

T-19. Thermograph of Fergusson meteorograph. —This Meteor. 
graph was of the type used by the Weather Bureau in soundiry 
balloons for the purpose of obtaining temperature, pressure, and 
humidity data of the upper atmosphere. It is shown in Figure 9 
It was made almost entirely of aluminum sheeting about 0.008 ing 
in thickness. The weight of the entire instrument was 7 ounces gni 
the over-all dimensions, 8.25 inches in length, 3.5 inches in hei ght, 
and 3.37 inches in the createst width. The temperature element wa 
of phosphor-bronze, invar-steel bimetal and was made in the form 
of a three-fourths closed collar, 1 inch wide, 0.62 inch in diamete 
and 0.012 inch thick. The element was mounted in a channel oper 
ai both ends with the axes of the element and the channel concentr; 

‘he fixed end of the element was attached to an insulating block of 
bakelite, 1 inch long by 0.31 inch square. 

When testing the instrument in the wind tunnel, the axis of the qi 
channel was at an angle of approximately 45° with respect to that o 
the tunnel. When testing for lag in still air, the air ch: unnel Was in 
the vertical position and both ends were kept uncoverec i and free 
from obstruction. The time lag was 11 and 20 seconds, wl 
air stream in the wind tunnel was 17 and 10 miles per hour, respee. 
tively. In still air the lag was three minutes. 

T-20. Electric resistance thermometer, model No. 3.—This design 0 
the temper rature element for the electric resistance thermometa 
(with minor modifications) was found to be the most satisfactory, 

and is the type with which the instruments constructed by the 
Bu reau of Standards for the National Advisory Committee for 
Aeronautics and Bureau of Aeronautics of the Navy Dep: 
were finally equipped. In this design a decided reduction in ne Was 
obtained. A No. 40 single silk covered nickel wire was wound ina 
single layer around a thin copper cylinder that was equipped wih 
internal, length-wise, radiation fins. This copper shell was ouly 
0.002 inch in thickness. In addition to their function of radia 
heat, the internal fins also served to strengthen the cylinder. Tie 
cylinder measured 0.50 inch in diameter by 2 inches in length. Th 
nickel wire, 200 ohms at —20° C., was fastened to the cylinder wit 
bakelite varnish which has a comparatively high thermal conductivity. 
The temperature element was protected from the direct rays of the 
sun es well as from mechanical injury by inserting it lengthwise an 
cone entric within a piece of fairly heavy-w alled ‘brass tubing which 
measured 0.75 inch in diameter and 2.25 inches in length. The 
temperature element unit was supported. within the protective tubing 
by means of three thin metal strips spaced 120° apart at each end 
of the tube. This construction is illustrated in sketch T—20 of Figure 
7. A photograph of the entire instrument with slightly modified 
design of temperature element, but of substantially the same time 
lag as T-20 is shown in Figure 8. Lag, four seconds. 

7-22. Resistance temperature element. —An experimental genie 
ture element consisting of nickel wire woven over seven Pp: ral 
cotton strands was mounted on a light brass frame so as to be eas! 
handled during tests. This is shown in T-22 of Figure 7. The wire 
was No. 40 single silk covered nickel, 200 ohms at + 20° C., wovel 
into a rectangular mat 2.75 inches long by 0.62 inch wide. ‘This mat 


lt 
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ys mounted in the wind tunnel with its length parallel to that of the 
nel. Tests on the element made with and without a coating of 
ake te varnish resulted in the same lag. Tests were made in air 

cams of 10 and 17 miles per hour speeds giving lags of four and 
ree seconds, respectively. 


V. RESULTS OF TESTS ON BAROGRAPHS 


The results of the time lag determinations on five typical baro- 
phs, made in a manner somewhat similar to the tests on the ther- 
ane ys and thermographs, are given in the following paragraphs. 
neach ease the tests were made with the instrument covers in place 
ich is che service condition. The lag was determined first in still 
and then in air moving with a speed of 10 miles per hour. Baro- 
raphs in service receive “little or no ventilation. Tests in the 10 
‘ies per hour air stream were made in order to ascertain the effects 
fa m< me i ate amount of ventilation. <A coiled bimetal temperature 
ndicator, similar to T-10 described above, was installed successively 
neach barograph tested. This coil was securely fastened to the 
etal base-plate, as close as possible to the pressure element. The 
i thermometer bulbs is usually expressed in seconds, whereas the 

ie of barographs is more conveniently expressed in minutes. A 
Jot, similar to thet in Figure 1 which shows the time lag results for 
hermometers, is given in Figure 2 for the barographs. 

b-1. Common barograph, wooden case-—This barograph had a 

mahogany casing 0.31 inch thick, covering a wooden base which wes 
komewhat thicker. The recording drum and pressure capsules were 

unted on a heavy brass base 0.09 inch thick, by 3.75 inches long, 

y 3 inches wide. The over-all dimensions of the wooden casing 

re 7 inches in length, by 5 inches in height, by 4.37 inches in width. 

(glass cover, 5.75 inches long by 3 inches w ide, occupied most of 
he front side of the case. The total weight was 3 pounds and 4 

inces. Lag in still air, 74 minutes. Lag in an air stream of 10 
mi les per hour, 14 minutes. 

. Common barograph, aluminum case.—This barograph had an 
bs ninum casing 0.31 inch thick. The recording drum and pressure 
capsules were mounted on an aluminum base plate 0.08 inch thick, 
by 4.75 inches long, by 3 inches wide. This plate was mounted 
upon four small bushings so that there was a quarter of an inch 
clearance between it and the bottom of the case. The over -all 

mensions of the aluminum casing were 6.5 inches in length, by 4 
ns in height, by 4 inches in width. A full-sized celluloid nian 

s fitted into the front side of the instrument. The weight of the 
* graph was 1 pound and 5 ounces. Lag in still air, 25 minutes. 
leg in an air stream of 10 miles per hour, 9. 5 minutes. 

B-3. Dual-traverse barograph.—This dual- ‘traverse barograph was 
of the type commonly used in high altitude flights and in flight test 
work. The instrument with the cover removed is shown in Figure 
10. This view also shows the coiled bimetal temperature indicator 
ised in making the lag tests. The barograph was made entirely of 

metal, with a heavy ‘aluminum base and a painted sheet copper 

casing. The over-all dimensions were 8.5 inches in length, by 7.5 
inches in height, by 4.5 inches in width. The total weight was 5 
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pounds and 2 ounces. Lag in still air, 22 minutes. Lag in an, 
stream of 10 miles per hour, 5 minutes. Z 

B-4. Single-traverse barograph.—This barograph was of the sg 
make and general case construction as the above instrument. 1}, 
size and weight, however, were just about one-half those of the dy 
traverse instrument. The over-all dimensions were 8 inches » 
length, by 5 inches in height, by 3.75 inches in width. The weic}; 
was about 3 pounds. Lag in still air, 22 minutes. Lag in an y 
stream of 10 miles per hour, 5 minutes. 


VI. SUMMARY 
1. THERMOMETERS, THERMOGRAPHS, AND METEOROGRAPH 


The time lag of 22 temperature elements of thermometers qq) 
thermographs when ventilated by an air stream of 17 miles per how 
has been determined. The results are given in the following jis 
which is arranged in the order of decreasing values of the lag: © 


Instrument 


. Thermograph, liquid-in-metal tubes. .........-...-..--.--_____- 
2. Strut thermometer, liquid-in-glass bulb 


| 


. Radiator thermometer, vapor-pressure type 
. Thermograph, Bourdon tube, liquid-filled 
3. Strut thermometer, distant reading, liquid-filled 
. Thermograph, Bourdon tube, liquid-filled 
. Strut thermometer, liquid-in-glass___...............-.-_-_-- 
. Strut thermometer, liquid-in-metal helical tube 
. Minimum-temperature-recording strut thermometer ‘ 
. Laboratory thermometer, liquid-in-glass_.__...._....._____-_- 


| 


| 


| 


| 


T-1 
T-2 
T-3 
T-4 
T-5 
T-6 
T-7 
T-8 
T-9 
T-1 
T-1 


| 


; mah “ube thermometer, mercury-in-glass. .~.._._._._..______----- 
SR ES ae Se SOE ER ae ee eee eS 

. Electric resistance thermometer, model No. 1 

. Thermograph, flat bimetallic strip temperature element 

. Thermograph, bimetallic strip temperature element 

. Electric resistance thermometer, model No. 2 

. Thermograph of Fergusson meteorograph 

. Electric resistance thermometer, model No. 3 

. Wire-weave electric resistance temperature element 


In still air the lag of thermograph T-19 was three minutes. 


2. BAROGRAPHS 


n 


The time lag of four typical aircraft barographs has been deter 
mined in still air as well as in an air stream of 10 miles per hour 
The results, again listed in the order of decreasing lag values, ar 
given in the following table. 
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Time lag 
Instrument — 
In iN n alr at 
10 


m. p. h. 


alr 


Minutes | Minutes 
Common barograph, wooden case “4 4 
b> Common barograph, aluminum case 2 9.5 
2 Dual-traverse barograph 
1 Single-traverse barograph.- 


In general, the metal cased barographs have considerably less 
hermal lag than the wooden cased instruments. Moderate ventila- 
ion, such as in an air stream of 10 miles per hour, reduces the lag 
by approximately one-fourth. 


WasHINGTON, June 7, 1930. 
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PPARATUS FOR THE DETERMINATION ABOARD SHIP 
OF THE SALINITY OF SEA WATER BY THE ELECTRICAL 
CONDUCTIVITY METHOD 


By Frank Wenner, Edward H. Smith, and Floyd M. Soule? 


ABSTRACT 


The apparatus described furnishes a convenient means for the determination 
he salinity of samples of sea water as they may be collected. It consists 
entially of a Wheatstone bridge, conductivity cells of a type which may be 
and emptied during fairly rough weather, and the necessary auxiliary 
pment, all built into a single cabinet. 

As pecis il feature is the use of two similiar conductivity cells in adjacent arms 

ridge. When both are filled with samples of sea water, even though not 

he same salinity, both have very nearly the same temperature coefficient, so 

balance of the bridge is not greatly affected by small uncertainties of the 

erature. Further, the complicated actions taking place at the electrodes, 

rally re ferred to as polarization, are substantially the same in both cells, so 
fects of polarization are largely neutralized. 

\ further special feature, not really a part of the equ ipment but of a plan for 
ise, is that a supply of standard sea water or sea water of which the salinity 
een determined by laboratory methods is carried aboard and used for periodic 

andardizations. Samples of sea water to be tested, together with a sample of 
lard sea water, are substituted one after another in the same conductivity 

This gives a direct comparison of the sample of unknown salinity with 
f a standard, almost if not quite independent of the cell constant, largely 
endent of other constants of the equipment and largely independent of 
stematic errors. 
» Apparatus of the type has been used during the past several seasons in the 
nternational Iee Patrol Service, also on the Marion expedition and on the last 
gruise of the nonmagnetic vessel Carnegze. 
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ii, Summary 


I. INTRODUCTION 
No doubt the idea of determining the salinity of sea water from 
easurements of its electrical conductiv ity has occurred to many. 
me of the attempts made during the years 1914 to 1921, inclusive, 
perfect t apparatus for this purpose are described in Bulletin No. | 9 


‘rank Wenner, National Bureau of Standards; Edward H. Smith, United States Coast Guard; and 
‘yd M, Soule, Carnegie Institution of Washington. 
y 
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of the United States Coast Guard entitled ‘Ice Observations » 
Ice Patrol Service for the Season 1921.”” Much of this earlier we 
was done by A. L. Thuras, a part while he was connected with i 
National Bureau of Standards and a part while he was scieniij 
observer in the Ice Patrol Service. 

To give satisfactory results the apparatus should be capabk 
reproduci ing measurements of the electrical conductivity to | Det 
in 4,000, corresponding roughly to changes of 10 mg per liter to 
salt and something less than 1 part in 100,000 in the density. 1} 
could be obtained readily in the laboratory, but the conditions ; 
sea are such as to make the problem much more difficult. 
convenience in use, the equipment should be relatively small in g; 
and constitute a unit rather than an assemblage of a number, 
pieces of apparatus. Further, it should be capable. of being operais 
from the lighting circuit of the ship on which it is installed. 1, 
equipment must be sufficiently rugged or so protected as not ; 
suffer mechanical injury during the severest storms, and should \ 
capable of being used during rough weather. The electrical insij 
tion must remain good in the presence of an ocean atmosphere, 1 
should not be injured in case sea water is spilled over parts of } 
apparatus. As the temperature coeflicient of the electrical cond: 
tivity of sea water is in the neighborhood of 2 or 3 per cent per ° 
to obtain a precision of 1 part in 4,000 the temperature must } 
controlled to better than one-hundredth ° C. or provision made: 
————- for uncertainties of the temperature. Also the varia 

nanipulations necessary in making measurements should be ti 
tor possible consistent with obtaining the precision sought. 

The first apparatus intended to fill these requirements was (s 
signed by Wenner in 1922, and constructed in the Bureau of Standani 
during the latter part of 1922 and the early part of 1923. Ty 
original calibration was based on measured constants of the appar 
tus and the data concerning the electrical conductivity of sea wate 
obtained in the earlier investigations referred to above. This 
paratus was installed in the United States Coast Guard cutte 
Tampa just before the beginning of the 1923 International Ice Patra 
Service, when the first attempts to use it were made by Smith, th: 
scientific observer. Between the 1923 and 1924 ice- patrol seasor 
Smith made a rather complete calibration of the instrument us! 
titrated samples of sea water. A description intended primarily 
the information of those whose duty it might be to use the seers 
is given in Bulletin No. 12 of the United States C oast Guard, entitle 
“International Ice Observations and Ice Patrol Service Season 192! 
Since then two additional equipments have been constructed, one 0 
contract for the Coast Guard, which will be referred to as the secon 
equipment, and one by the ‘Department of Terrestrial Magnetim 
of the Carnegie Institution of Washington, whici will be referred 
as the third equipment, or the Carnegie Institution equipmett 
Since the second equipment for the Coast “Guard was completed bei 
the first and second have been used in the Ice Patrol Service, & 
cepting the past two seasons when only one was available, the oth: 
having been destroyed by fire while in storage between season 
Also one equipment was used on the Marion expedition into Bai 
Bay during the summer of 1928. Some reference to the resu Its 
obtained in the use of the first two equipments will be found in ® 








ner, Smith) — Measurement of the Salinity of Sea Water 713 


Iv ww 
Ons affliorts of the Coast Guard since 1924. The third equipment was 
ier wolttstalled on the nonmagnetic vessel Carnegie just prior to her depar- 
vith Mure on her Cruise VII. This equipment was used by Soule from 
cientifmhe time of its installation in the spring of 1928 until the fall of 1929 

en the cruise was terminated by the destruction of the vessel. 
dable fBome idea of the performance of this equipment will be given in 
1 pellhis paper, although the complete data collected will be published 
er touiibhy the Carnegie Institution of Washington, along with the other 
. Thlliesults of the expedition, in the reports of the Carnegie’s Cruise VII. 
tions dm «~The reader must bear in mind that two of the three instruments 















It. Filllibuilt have been destroyed by fire and that the third is not at present 
| in sali vailable to the authors. Consequently this paper has been prepared 
nber dlfrom notes, laboratory data, photographs, field records, and memory. 
persis herefore, there occur in the following pages, statements which are 

Tileneral where the authors would have preferred to give specific 
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Figure 1.—Simplified diagram of electrical circutt 


“ASCE uantitative data. It is believed, however, that the lack of such 
USE specific data will neither keep the theory from being understood 


ly ‘nor be a serious disadvantage in the design and construction of other 
re such instruments. 
title 

* II. METHOD OF MEASUREMENT 

€ ol 
econ A simplified diagram of the electrical circuit is shown in Figure 1. 
ets Here X and Y represent two similar electrolytic cells, and also the 


ed [Re resistance of these cells when filled with sea water. @ is an adjust- 
nett Mable resistance in series with Y. M and WN are fixed resistances, 
bot S is a slide wire, ~ represents the source of the alternating test 
’, eM current, and J is the telephone receiver for indicating a lack of balance 
othe fof the bridge. A special feature is the use of two similar cells in 
sons adjacent arms of the bridge. When both cells are filled with sea 
sai water, even though the salinity of the sea water in one is not the 
suis JM Same as that in the other, both have very nearly the same temperature- 


4754°—30——14 
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coefficient. If, therefore, Q is small in comparison with Y, the di. 
ferential temperature coeflicient between X and (Y+Q) will be sm) 
in comparison with that of the electrical conductivity temperatyy, 
coeflicient of the sea water in the X cell. As a consequence, th 
balance of the bridge is not greatly affected by small uncertainties 
of the temperature, provided both cells are very accurately at th 
same temperature. As in all bridge measurements the precisioy 
obtainable is limited among other factors by the heating produce 
by the test current. However, with this arrangement the test curren; 
raises the temperature of the sea water in both cells above that o 
the bath, in which the cells are located, by substantially the sanp 
amount since the thermal characteristics of the two cells are closely 
alike. Consequently a much larger test current may be used tha 
would otherwise be permissible. Further, the complicated actions 
taking place at the electrodes, generally referred to as electrolytic 
polarization, will be substantially the same in both cells, so that th 
effects of polarization in one cell upon the balance of the bridge js 
largely neutralized by the effects of polarization in the other cell. 

Another special feature not really a part of the bridges but , 
part of the plan for their use and kept in mind during the design js 
that a supply of Copenhagen standard sea water or sea water 0! 
known salinity or known density is carried aboard and used in periodic 
standardization of the equipment. Samples of the sea water to be 
tested, and samples of the standard sea water or sea water whose 
properties have been determined by laboratory methods, are sub- 
stituted one after the other in the same cell. This gives a direct 
comparison between the unknown and standard samples almost i 
not quite independent of the cell constant, largely independent o/ 
other constants of the equipment, and largely independent of sys- 
tematic errors. 


III. CIRCUITS 


A complete diagram of the bridge circuit is shown in Figure 2. 
Here W and P are two fixed resistances with the equivalent of a 
slide wire between them, and together they constitute the Wagner 
branch with the contact connected to the inclosing metallic shield ¢. 
The Wagner branch serves to bring the telephone receivers to the 
potential of the shield to which the observer is connected, and so 
forms a part during measurements. The switch or key RF serves 
to connect one of the detector (telephone receiver) terminals of the 
bridge to the shield and this disturbs the balance of the bridge except 
when the Wagner branch is properly adjusted. This key is closed 
only during this adjustment. J, is a mutual inductance between 
one of the leads from the source of the test current and the telephone 
leads. It serves to introduce into the telephone circuit a quadrature 
electromotive force so as to balance any of the out of phase compo- 
nents of potential difference in the bridge from whatever source they 
may arise, such as capacitance to ground, capacitance in the cells, 
polarization, etc. This mutual inductance is adjustable from a small 
negative through zero to a small positive value. To balance the 
bridge requires a proper setting of the slide wire contact or index, & 
proper setting of the mutual inductance, and a proper setting of the 
contact on the Wagner branch. As these three adjustments are 
not independent of each other, they must, in principle at least, be 
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nner, —— 
(Vol ; imme’ 
e in successive approximations. However, if the slide wire first 
smi fe set at a point giving a minimum sound in the telephones and this 
atuy EDUDd then reduced as much as possible first by an adjustment of 
’ the he mutual inductance and then by an adjustment of the Wagner 
intios ABEEDCH, these two adjustments usually will be sufficiently exact, 
t the ae that the slide wire contact may then be adjusted with the required 
sision BreCHSLON.. Only in case the reading of the slide wire index corre- 
hucod onding to the second adjustment differs materially from that of 
ren: ee° first, need additional adjustments of the mutual inductance or 
at of Mame Wagner branch be made. There is nothing to be gained by 

either unless a third adjustment of the slide wire contact 
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he alter the adjustments of the mutual inductance and the Wagner 
£ branch is the only one which is significant. However, the final 
Z adjustment of the contact on the slide wire should not be made until a 
* sufficient time after placing a sample of sea water in the X cell for the 
‘ establishment of temperature equilibrium to well within 0.01° C. 


a IV. COAST GUARD EQUIPMENT 
i 1. DESCRIPTION 
e A photograph of the second equipment is shown in Figure 3. 


a [pHere the doors of the cabinet are removed to give an unobstructed 
, view of the various parts. It will be seen that there are four compart- 
ments. The lower compartment on the right contains the bath in 
which the main part of two X and one Y cells, a thermoregulator, 
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a stirring propeller, and heating units arelocated. The upper compe 
ment on the right contains the stirring motor, relay, air circulg; 
fan, upper parts of the cells, thermoregulator heaters, the conp: 
tions between the cells and the rest of the measuring circuit, ay; 
lamp for keeping the compartment dry. The lower left comparty; 
contains a microphone hummer for producing the alternating, 
current. This is packed in hair felt to prevent sound from it in 
fering with the detection of sound of the same pitch in the telephy, 
receivers. The upper left compartment contains the major par 
the measuring circuit, a lamp for keeping the compartment dry, ; 
various switches and key, and the telephone receivers when no 
use. Both upper compartments ere metal lined except at their; 
and the arrangement is such that sea water, spilled in either cay; 
get into either of the lower compartments. These linings and } 
metal walls of the bath are electrically connected and consti; 
the major portion of the shield G. 

Conditions aboard ship are such as to make it impraeticable to, 
an open bath or to handle cells except during favorable weatly 
consequently, the bath is tightly closed, though not hermetic! 
sealed, and the cells are so designed that they may be emptied » 
refilled without being removed from the bath. A photograph of « 
of the cells is shown in Figure 4. The central portion of the cel 
approximately 10 cm long and 1 cm internal diameter. The « 
bulbs containing the electrodes are approximately spherical and hij 
a diameter of about 3 cm. When filled with sea water of avery 
salinity, the resistance is in the neighborhood of 200 ohms. 1 
electrodes are hollow truncated cones of platinum covered with pli 
num black. They are arranged so as to avoid undue concentrati 
of the current in the sea water at their edges, and so as to av 
trapping air bubbles on their surface. From each electrode a platiny 
wire extends through an end bulb into a side tube which extends 1 
ward along the side of the cell. A quantity of mercury in each of thi 
side tubes serves for connecting the cell into the bridge circuit. THe 
cell is filled through the small funnel at the top and emptied by siphu 
ing through the tube connected to the bottom of the lower termini 
bulb and extending upward along the side of the cell. The cf 
are mounted in metal supports which terminate at their upper r 
a ring, and this ring is clamped to the metal top of the bath. A rubi 
gasket between the ring and the top of the bath serves to make 
water-tight connection. Inside this ring is a metal tube about 6¢ 
in diameter and about 6 cm long. This tube is filled with wax, whi 
constitutes the main part of the fastening between the cell and 
metal support. The wax also serves for closing the bath so thats 


water can not be spilled into it and to better insulate the cell from tih4 


metal shield. 

The slide wire is of the Kohlrausch type having 10 turns ant: 
resistance from 25 to 30 ohms. The exact value is not of much inj 
tance, and further can not conveniently be made to have an even val 
such, for example, as 25 ohms. The range of the slide-wire inci 
extends from zero to 1 ,000 divisions and the wire within this ran 
or as much of it as will be used, should be fairly uniform. The sli 
wires used were made by the Leeds & Northrup Co., of Philadelpii 
The resistance of the end coils M and N are made equal and of sue 
magnitude that their combined resistance plus the resistance of 
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FicguRE 3.—Second instrument for United States Coast Guard 
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Figure 4.—Unmounted 
electrolytic cell 
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Wide wire is accurately 15,000 times the resistance per division of the 
Wide wire as measured by the graduations of the head or frame which 
Metrics the contact. The end coils are metal covered, except at their 
Tpwer end, and preferably hermetically sealed. Further, they are 
Mounted in the upper part of the cabinet so there is little chance of 
‘ea water being spilled upon them, and little chance that they will 
he injured if such spilling occurs. The resistance of each of the fixed 
“oils of the Wagner branch is in the neighborhood of 200 ohms, and 
hat of the slide wire between them is about 40 ohms. Lach tele- 
phone receiver has a resistance of about 10 ohms and a probable 
ener at 1,000 cycles of the order of 100 ohms. The resistance 





is adjustable over a range of about 5 ohms in steps as small or smaller 
Goan 0.05 ohm. The contacts in Q have indices, so that after a change 
it can be reset to a former value. 

| The test current has a frequency of 1,000 cycles per second and is 
Mgupplied by a microphone hummer made by the General Radio Co., 
of Cambridge, Mass. For the operation of this hummer a 6-volt 
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Figtre 5.—Diagram of power circutt 


direct-current source is required, also for the operation of a relay used 
in controlling the temperature 2 to 4 volts is required. To get these 
2 low direct-current voltages from the direct current lighting circuit 
of from 100 to 120 volts, taps are made across a resistance connected 
in series with two lamps in parallel, each of about 50 watts. One of 
these lamps is located in each of the two upper compartments and 
serves to keep the inside of the cabinet at a temperature above the 
surrounding air. This elevated temperature is, or may be, of material 
assistance In maintaining the insulation of the measuring circuit. 
The lighting circuit of the ship also furnishes power for driving the 
motor which stirs the bath in which the cells are located, and for 
maintaining the bath at the desired temperature. A diagram of the 
power circuit is shown in Figure 5. Here S, S, S, represents switches; 
M, the motor for stirring the bath; H, H, heaters for keeping the bath 
at the desired temperature; 7, thermoregulator; R, relay with armature 
contact in series with one of the bath heaters; Z, L, lamps, one in 
each compartment, for keeping the upper compartments dry and 
substantially at the same temperature as the bath; and K is a switch 
or key in the power circuit to the hummer. 
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A diagram of the hummer circuit is shown in Figure 6. It shoy 
be noted that the hummer circuit is such that the measuring cire 
is insulated from the circuit supplying power to the hummer; that; 

the lighting circuit of the ship. At this point it should be mentions 
that the key in the circuit supplying power to the hummer is of ; 
spring type, normally open, and so arranged with respect. to a pie 
metal plate connected to the shieid that when the key is held cj 

by the observer he almost of necessity is connected to and thy 
constitutes a part of the shield as stated above. The connect: 
between the parts of the bridge circuit in the two upper —_ " 
ments are made by horizontal metal tubes in the top of the cabin, 
and these are well insulated. Also, other parts of the bridge ciry; 
are arranged with a view of keeping the insulation high. fy 
winding of the mutual inductance between one of the leads su pplrny 

the test current and the telephone leads consists of approximately ; 
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FiGURE 6.—Diagram of microphone hummer circutt 


turns of insulated wire on tubes which telescope into each other 
One of these windings is in two parts, one in each of the telephon 
leads, and these windings are differentially connected so that br 
sliding one tube with respect to the other the value of the mutw! 
inductance can be changed continuously from a negative to a positiv 
value. Between these two windings is the third winding, one end 0! 
which is connected to and thus forms part of the shield. 


2. CALIBRATION 


It can be shown that a second-degree equation should give a goo 
approximation to the calibration curve for this type of ve 
Consider the conditions where a solution of known salinity S’ : 
of resistivity R’ is placed in the cell X. Let X’ be the rm Teleg 
the arm of the bridge including the cell X and let N and M be t! 


resistances of the ratio arms with the slide wire set to some reading * 
which corresponds to the salinity S’ and let the bridge be balanced by 
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Busting the resistance Q. Then if (Q+ Y) represents the resistance 
‘he arm including Q we can write 
= (M/N) (Q+ Y) (1) 
a ; - 
If now the sea water in the measuring cell is replaced by a sample 
higher salinity S and consequently ‘lower resistivity R’ and the 
idge is balane ‘ed by inet ‘easing the slide-wire reading from s’ to s, 
e resistance of the arm containing the measuring cell is given by the 
fation 
& vy“ =I (s S—S§ ’)) (Q+ Y) (2) 
5 ~ Cia Uta @-s 7)) ( 
u . . . . . . . 
Mere m is the resistance of one division of the slide wire divided by 
W. and n is the resistance of one division of the slide wire divided by 
Wy. irom equations (1) and (2) we have 
> yr (1—m (8—8°)) 
xX : Xx 7 ? (3) 
(l+n (s—s’)) 
Since the same cell has been used for the two samples, the ratio of 
fesistivities of the two samples is the same as the ratio of the resist- 
emices, and hence 
L—m (a--a")) 
R=R im | (4) 
(l+n (s—s’)) ' 
C and ©’ represent conductivities; that is, the reciprocals of R 
gid 2’, respectively, equation (4) can be written 
=Q’ [1+ (n+m) (s—s’ + (mn +m?) (s—s’)?4 
(m?n + m*) aes | (5) 
The relation between electrical conductivity and salinity of sea 
Water over the range 30 to 40°/o salinity can be closely approxi- 
Miated by the equation 
C=C’ (A+BS) 
where A and B are constants and S is the salinity. Substituting 
Vw — 
his expression for C in equation (5) gives us 
4 
a / 9 9 
: A+ BS=1+(n+m) (s—s’)+ (mn+ m?) (s—s’)? + 
(m*n + m’) (s—s’)® +++ 
or 
o_! -atm), ') (mn + m*) "2 (m?n smut 7 3 
7 teeta Pt ae 
i a B B B 
which can be written 
as) see _(n+m) (mn+m’*) | 
S=8 b+ Ss’ B- S—S “yA 1 Ss” (. les 8’)? + 


(m*n + m*) ~ ’ 
S’B e (s— 8 e- es (6 
where S’ is the salinity maaciaine to the conductivity C’. 
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From the work of E. Ruppin? and A. L. Thuras* mean yj 
of the constants A and B give the relation that : 


C, = C35 (0.10925 + 0.025458) 


where C, is the conductivity at any salinity S%/o and Cy; js 4 
conductivity at a salinity of 35° (°/o=parts per 1,000). jj 
these values of A and B equation (6) can be written 


2 


(n+m) (mn +m 


= 9 = > ee ,/ a —— > cme _/ 2. 
8 35[ 14 0.89075 °° *)*°9.g9075 8-8 + 
(m?n + m?) 

"0.89075 (88) °°: 


in which s’ is the slide-wire reading corresponding to a salinity; 4 
35 °/o. Inspection shows that, if, as was true of all the instruma! 
so far built, one division of the slide wire represented 1/15,000 of {i 
sum of the resistances of the ratio arms, all terms involving (s- 

to exponents greater than 3 may be neglected, and that the thiy. 
degree term need only be considered when (s—s’) is numerical 
large. . 

Among the laboratory tests which should be made on an instr, 
ment of this sort is the test for uniformity of the slide wire. Dit. 
ently stated, the corrections to the slide-wire reading as an indicatiy 
of the ratio of the resistances of the two arms should be determine 
Thus, if the resistance of one division of the slide wire is to be 1/15) 
the total resistance of the two arms, a slide-wire reading of 7 
should occur when the ratio of the resistance of N to the resistane 
(N+ M) is 7,750/15,000. If actual test shows the ratio to be 7,753/1i. 
000, the correction to be applied to the slide-wire reading at 750 is 
A table of such corrections should be determined, at least for thy 
part of the slide wire which is to be used. 

Having tested the slide wire for uniformity and quantitative! 
determined its irregularities, it is then possible to construct a cali 
bration curve or table for converting slide-wire readings into valief 
of salinity from published data on the conductivitiy of sea wate [Ry 
This, as in all methods of calibrating such an instrument, involve 
the arbitrary selection of one point on the calibration curve. ; 

A more satisfactory method of arriving at the values for a table fa 
converting slide-wire readings into salinities would be the selectio 
of one point on the curve and the determination by measurement 0 
two other points. This involves the use of three samples of know 
and different salinities. The curve could then be closely approx 
mated by drawing the curve of a second-degree equation through ti 
three known points. Such a method would have the advantage ¢ 
eliminating uncertainties regarding conductivity relations and poss: 
ble differences between theory and application. It would have th 
disadvantage of building upon the errors of individual determination 

A third and even better method of calibration would be the actu: 
measurement of a large number of samples of known salinity we: 
distributed over the range of the instrument. This was the pre 





? 0. Kriimmel, Handbuch der Oceanographie, Band I, p. 291. 
3A. L. Thuras, J. Acad. Sci., Washington, D. C., 8, p. 685; 1918. 
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ure followed by Smith in the calibration of the first two instru- 
nts. The calibration of the first bridge, was made in this way 
ing the winter of 1923-24 at the Museum of Comparative Zodélogy, 
Harvard University, using about 70 samples whose salinities were 
ermined by titration. These samples had been collected from the 
Hrth Atlantic during the ice season of 1923, and consequently were 
ticularly well suited for the calibration of this instrument, since 
sy came from the same regions in which the bridge was to be used. 
In this calibration the range was so selected that a salinity of 35 °/o 
gresponded to a slide-wire reading of 650.3. The resulting cali- 
mation curve can be expressed by the equation 


© S=35 [1+293.4 x 10-* (s—650.3) + 29.5 X 10-° (s—650.3)?] (8) 


Hin order to compare this equation with equation (7) let us put 
650.3 whence it follows that n = 1/7,650.3 and m=1/7,349.7. With 
se numerical values equation (7) becomes 


S=35 [1+ 299.5 x 107* (s— 650.3) + 40.7 X 10-® (s—650.3)"]_ (9) 


The data on which the constant B (see equation (6)) is based 

‘olve differences of 0.0075 reciprocal ohm-cm and, therefore, the 

bcertainty in the coefficients of equation (9) is 1.3 per cent which 

ans that the first-degree coefficient may be in error by asmuhe 
4x10-% The difficulty of accurately evaluating the second- 
eree coefficient of an experimentally determined calibration curve 
in a measure, responsible for the poorer agreement of these coefli- 

nts in equations (8) and (9). 

There is a further uncertainty arising from the fact that the bridge 
fas out on ice-patrol service for one season after the initial ‘slide-wire 
esi before the calibration was made, and a second slide-wire test 

ade after the second season showed that the lower turn of the slide 
re had suffered some corrosion during the intervening two seasons. 


iveimmearing in mind the combined uncertainties, equations (8) and (9) 


how good agreement. 
i 
3. PROCEDURE IN USE 


| Before the apparatus can be used for the determination of the 
Blinity of a number of samples of sea water, preliminary tests and 


ctionfadjustments must be made. These consist of putting into the Y cell 


@ suitable sample of sea water and determining and recording the 
Biting of Q for each of the X cells to be used. 

> First, all the cells to be used should be filled with sea water of the 
®ine, though not necessarily known salinity. Then with any one of 
Be cells used as a Y cell, any other cell used as an X cell, and Q set 
Bt about the center of its range, a setting of the index of the slide 
Wire is found at which the bridge is balanced. It should be remem- 
Dered that in any case a balance of the bridge involves a proper setting 


PO the mutual inductance and of the contact on the Wagner branch. 
UB athis setting of Q should be recorded; then another cell is used as an 


% cell and the bridge balanced this time without changing the setting 
9! the slide wire index, but by a change in the setting of Q. In like 


tse A ch ai wes oro 
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manner, a setting of Q, which gives a balance of the bridge for eat 
the remaining cells used as X cells, is determined and recorded, 
serves merely to find the differences i in the cell constants uid wi 
one of the cells‘ has the lowest resistance when all are filled with; 
water of the same salinity. 

In case no more cells are available than it is expected will be 
at any one time, that cell whose resistance differs most from the gy 
age resistance of all may be selected for use as the Y cell, and of: 
remaining cells that one having the lowest resistance may be use 
an X cell in the selection of a sample of sea water of suitable sali: 
for use in the Y cell. This X cell is then filled with a sample o/s 
water of definitely known salinity. Assuming the calibration ¢ 
or a table giving the readings of the slide-wire index correspondiny; 
different salinities is available, the reading corresponding to ; 
salinity of the sea water in the X cell is found and the slide-wire ini; 
set accordingly. By a series of trials a sample of sea water is foy 
for use in the Y cell such that the setting at Q for a balance of 4 
bridge is well toward the lower limit. This may require mix 
samples of different salinity or even dilution or concentratiy 
Finally, with the index of the slide wire set to the reading correspon 
ing to the salinity of the sea water to be used as a standard, t 
cells are filled with the standard sea water and for each the brig 
balanced by an accurate adjustment of Q. This gives readings «| 
for each of the X cells and these must be recorded, since the ready 
of Q for any one cell must be duplicated whenever it is used in maki 
a measurement. Having the readings of Q which, with the sea wa 
which is in the Y cell, gives with each X cell a reading of the slide-w 
index corresponding to that given by the calibration curve for 
salinity of the standard, the apparatus should be in readiness for 
in making measurements. 

In making measurements— 

1. Any sea water which may be in X cells is removed by siphon: 

2. Each cell is rinsed with some of the sea water next to be tes‘ 
in it and then filled with more of this sea water. 

After the first sample to be tested has come to the temperatuy 
of the bath (which usually is about 15 minutes), Q is set at the readi 
corresponding to the particular X cell, and the bridge accurate) 
balanced by an adjustment of the slide-wire index following ¢ 
procedure outlined above 

4. The reading of the slide-wire index and any record of the sai 
which it is desired to keep are recorded. 

5. The sea water is removed by siphoning, the cell rinsed, and fil 
bs the sea water next to be tested in it. 

Another X cell is connected into the bridge in place of the fr 
val Q set at the reading corresponding to the particular X cel! 
similar procedure being followed in making the balance, recordit 
sg emptying, rinsing, and refilling. 

In like manner, the reading of the slide-wire index is found 7 
vets for the sample of sea water in each of the remaining X ces 
if any. 

8. After the second sample placed in the first X cell has comet 
the temperature of the bath, it may be measured in like manner, 
so on until all the samples which may be on hand have been measure 
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ef, on 


T each At any convenient time the readings of the slide-wire index may 
d. 7 conv erted into salinities by reference to the calibration curve or 
id WifMa table equivalent to the calibration curve. 
with; 10. As the salinity of the sea water in the Y cell will change with 
nporation and condensation, and as the constants of the cells will 
be vlilence with possible variations in the platinum black coating of the 
he ardi-trodes, the readings of Q should be checked at the beginning and 
d of MMM the end of each run with samples of standard sea water in each 


Used MMB the X cells. 
SalinBecause of the very large temperature coeflicient of electrical con- 


¢ 0! @lMctivity of sea water, it is important that the solutions in the Y and 
nc cells have the same temperature to within a few thousandths of a 
1Cliny iperree centigrade when final adjustments for balancing the bridge 
(0 ie >made. The previously mentioned feature of design of havi ing two 
"e 1u/M@ iacent arms similar in temperature coefficient characteristics makes 
S for actual temperature of relatively small importance, but this is true 
of Wily where these two arms are subjected to the same temperature 
ninimnditions. It is therefore necessary for the operator to allow a suffi- 
Tatilii@fent length of time for the sample to attain the temperature of the bath 
Sponiim™lter it has been introduced into one of the cells, before measurements 
the Mn be made with accuracy. Experiments with the first apparatus 
idgi/™ 1923 by Smith and with the Carnegie instrument in 1928 by Soule 
s (M//dicate that unless the sample introduced is initially close to the 
ea(ii™mperature of the bath a period of 15 minutes should be allowed for 
iakogi/™mperature equilibrium to be established. 

wai As the setting of the resistance Q is a measure of that part of the sea- 
e-Wim@ater resistance whose temperature coefficient remains uncompensated, 
T (Mit will be seen that it is desirable that all cells used as X cells be suf- 


or i™mm@ciently similar that the setting of Q for each may be made fairly small. 
| The accuracy of an individual measurement made with either of the 
vast Guard instruments is estimated to be about the same as with 
ninfmetration. That is, the error is within about 0.02 °/ salinity. How- 
est@ver, in the opinion of those who have used both methods, the electri- 
B:! conductivity apparatus has the advantage that regardless of the 
atufm™piolence of the ship’s motion the actual measurement is unaffected 
\digmand the difficulties connected with the handling of liquids under such 
atf™eonditions are much reduced, being restricted to those involved in 
 (Miputting the samples into the cells. 


op V. CARNEGIE INSTITUTION EQUIPMENT 
1. DESCRIPTION 












| The instrument installed on the Carnegie was similar in principle to 
he first two, but differed somewhat in structural details. A compari- 
on of Figure 7 with Figure 3 will make clear some of these differences. 
n the Carnegie apparatus the electrical switches and controls were 
nounted on bakelite panels in the upper parts of the two sections. 
‘he central partition was retained for the protection of the electrical 
euits on the one side in case of accidental spilling of sea water on 
the other side. 
| Asin the earlier models, the microphone hummer was located in the 
/ower compartment of the left-hand side and surrounded by sound 
eadening packing. The slide wire was mounted directly above the 
ower compartment containing the microphone hummer. Mounted 
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on or back of the left-hand panel were the coils and rheostat for; 
third arm, the auxiliary resistance Q, the ground switch, the y,; 
coupler for inductive balancing, terminals for the telephone receive 
and a 40-watt incandescent lamp for keeping the humidity low. ' 
switch button for the microphone hummer was placed on the cen; 
partition. 

On the right-hand panel were mounted the relay for the he: 
control, the relay rehostat, the stirring motor rheostat, the main syy 
switch and fuses, a second lamp for drying, and double-pole sig 
throw switches for the stirring motor, the thermostat, and each oj; 
three X cells. The lower part of the ‘right-hand section was occipid 
by the water bath, the cover for which served as mounting for } 
auxiliary cell, the three X cells, the stirrmg motor and the pump, i 
mercury thermometer, the thermostat, and the two heating ens t 
Three X cells were provided instead of the two as used on the ear 
instruments in order to reduce the average time necessary for a measwy 
ment. The bath was stirred by a small centrifugal fan which yy 
driven by the stirring motor through a disk drive. The thermos; 
was of a simple, commercially obtainable type having a large mere 
well surmounted by a small capillary tube containing two elect: 
contacts of platinum. The heating elements were also of a type » 
could be easily purchased. They were of the flat immersion tyy 
having a maker’s rating of 250 watts each on 110 volts. In order 
reduce the rate of heating, the two elements were placed in seri 
A mounted cell, two thermoregulators, one with and one without }: 
cover removed, and a heating element are shown in Figure 8. 

For purposes of electric shielding, the interior of the bridge w: 
copper lined. This shield lining, and other exposed metal par: 
were nickel plated to better resist corrosion. 





2. CALIBRATION 









The time available for the calibration of the Carnegie apparat 
prior to the departure of the vessel was limited, and, as the calibratia 
of the slide wire as given by the manufacturer showed it to be ver 
uniform, it was accepted without further test as to uniformit 
From the experience of the Coast Guard cutters on ice-patrol duty 
it had been recommended that the calibration be so selected that 
mid-point of the slide wire would correspond to a salinity of ahd iu 
33.00 °/o. With this recommendation in mind, a rough calculatia 
indicated that the Copenhagen standard water of 34.99 °/o9 salinit 
should correspond to a slide-wire reading of 698.5. This was, ther 
fore, selected as the first and invariable point on the calibration curv 
With this point selected as being on the curve by definition, five othe 
samples of known salinity furnished by the Scripps Institution : 
Oceanography and also titrated by H. R. Seiwell were alternate! 
put into the X cells and the corresponding slide-wire readings (e- 
termined. From these six well-distributed points a curve was draw. 
This gave the data from which was constructed the initial calibr: ati l 
curve which was used to determine the salinity of unknown samplé 
in terms of the Copenhagen standard sea water. From time tot 
as the cruise progressed some of the samples which were nee Sand U 
the bridge were also titrated against standard sea water in a Knudse! 
burette by the silver-nitrate method. Each of these samples furnishet 
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FiGuRE 7.—Carnegie equipment 























Figure 8.— Mounted electrolytic cell, two thermoregula- 


tors one with cover removed, and heating element 
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| additional point on the calibration curve. In all 220 such points, 
Bipluding the arbitrarily selected point, were determined and all used 
s determining the final calibration curve. Of these, 149 were de- 
mined at a temperature of 30° C. and 70 at a temperature of 40° C. 
the points determined at 30° C., 137 were true sea water samples 
ad 12 were prepared or evaporated samples. Of the points deter- 
mined at 40° C., 68 were true sea water samples and two were pre- 
fred samples. The true sea water samples were obtained at 35 dif- 
ent localities widely separated in geographical position, having a 
mtitude range of about 104° from 63° 30’ north to 40° 24’ south and 
ving a longitude range of about 201° from 14° 41’ west to 144° O01’ 
fst. The geographical distribution is shown on the chart in Figure 
y The samples used for calibration comparisons were collected at 
Baiions indicated by the large dots, the small dots within the circles 
Adicating the stations at which samples were measured but not 
becked by titration. The points cover a range of depth from the 
irface down to about 4,000 m. The vertical distribution is shown 
Figure 10. 
) As an individual bridge measurement is accurate to about 0.01 to 
(2 °/y salinity and as an individual titration measurement is also 
‘curate to about 0.01 to 0.02 °/o, the combined instrumental and 
Observational errors should lead to a scattering of the points of 
104 “/oo on each side of the curve, representing the relation between 
linities and slide-wire index readings. However, as the salinity 
‘idge measures total salt as found, and the titration method measures 
pial halogen salt as found and is corrected for other salt on the as- 
mption that a fixed ratio of salt exists, it was expected that in some 
calities a considerably greater scatter than 0.04 °/o on one or the 
-| Mother side of the curve would be found. Actually, though, the scatter 
not much greater than that which should have been expected from 
he errors in titration and bridge measurements, and further there 
re no systematic differences between the points determined at 30° 
~. and those determined at 40° C. Therefore, a calibration curve 
Metermined at one temperature may be used at another temperature, 
mr at any rate the regulating temperature of the bath need not be 
adjusted accurately to a specified value. 
| Acalibration curve can be fairly well represented by a second-degree 
equation of the type 
d d S=8S,[l+a (s—s,)+B (s—s8,)?] 
| pin which § is the salinity of any sample corresponding to a slide-wire 
“reading of s, S, is the salinity of a known sample corresponding to an 
‘erbitrarily selected slide-wire reading s,;, and a and 8 are numerical 
coefficients. 
For the calibration curve obtained from the 220 titrated samples, 
ethe equation is 
S=35 [1+ 295.7 x 10 (s— 699.5) +46 X 10-°(s—699.5)"]_—(10) 
_ This can be compared with the theoretical equation (7) by equating 
/’ to 699.5 from which it follows that n= 1/7,699.5 and m=1/7,399.5, 
and equation (7) becomes 
S=35 [1+299.6 x 10 (s— 699.5) +41.1 X 107 (s—699.5)"]_— (11) 
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he agreement between equations (10) and (11) is good considering 
,in the previously discussed uncertainty of 4107 in the first- 
wee coefficient of the theoretical equation. 
In the development of the theoretical equation it has been assumed 
it the resistance in the X arm of the bridge is made up entirely of 
resistance of the solution in the X cell. Actually, of course, there 
come small fixed resistance embodied in the cell terminals and !eads. 
Fcenerous estimate of this fixed resistance would be 0.1 per cent 
the resistance of the X arm, or about 0.2 ohm. If such were the 
se the first-degree coefficient would only be changed by about 
«1078 and the second-degree coefficient would only be changed by 
bout 0.1107. In view of the other uncertainties, it is justifiable 
neglect this fixed resistance. 
The experimental results obtained on the Carnegie differ most 
m the second-degree equation in the vicinity of slide wire reading 
bal to 800. Here a number of points fall above the curve of the 
buation. This may have been caused by a lack of uniformity in 
bat part of the slide wire, although this is not indicated by the manu- 
icturer’s report. About a dozen of the outstanding departures from 
bis part of the curve were investigated as to geographical origin. 
wo were found to have been evaporated or prepared samples, and 
he other ten which were true sea-water samples came from the upper 
i) m of stations No. 46, 47, 91, and 161. Curiously enough, these 
ations all have about the same latitude (between 9° south and 16° 
uth), while their longitudes vary from that of Easter Island to 
rat of the Samoan Islands. Although the coincidence is suggestive, 
0 conclusions regarding salt ratios can be drawn since these data 
e far too meager. 
' Other systematic deviations from the second-degree equation 
kcur, but have no apparent relation to geographical position. One 
an assume that such deviations are caused either by lack of uni- 
rmity in the slide wire or by variation in composition of the salt. 
However, if the latter assumption is made, it requires ihat the com- 
Position be an irregular function of the salinity. Such a relationship 
ems highly improbable. In view of these considerations and the 
bove discussion of the theoretical form of an equation for the cali- 
ration curve, the bridge measurements made on the Carnegie were 
tonverted into salinities by the use of the second-degree equation 
iven, and a table of corrections based on systematic variations of 
the titration comparisons from that curve. When such corrections 
Bre applied to the second-degree equation, 212 out of the 219 titra- 
Hon comparisons fall within a difference of 0.04 °/o. This seems to 
how an even greater constancy of salt composition than has been 
assumed in the past and leads one to question the accuracy of chemi- 
ta! analyses of sea water as published in the past. Such published 
mnalyses indicate that if solutions of each were adjusted to equal 
concentration the salinities as given by titration would differ in some 
meases in the first decimal place of parts per thousand. Obviously no 
Such variations were encountered in the cruise of the Carnegie. 
_ The authors are not aware of the existence of data on the varia- 
‘ton of conductivity of sea water of constant concentration with 
variation in composition, Since the ratio of mobility to weight of 
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the constituent ions differs, it is true that the conductivity wil, 
be independent of the composition. However, there are many kiyj 
of ions present, and as dissociation is never complete, the complex 
of the problem precludes an accurate quantitative theoretical analy, 
and one can only say that the variation in conductivity is smal] y 
probably the conductivity method comes closest, of available {, 
methods, to the measurement of total salt. i 


3. DISCUSSION OF TEMPERATURE COEFFICIENT 


The previously mentioned design feature of having similar elec 
lytic cells form two adjacent arms of the bridge has, as one of; 
objectives, lessening the importance of accurate temperature cont 
In other words, it was hoped that by this device the effective tempe, 
ture coefficient of the instrument would be very much less than {i 
of sea water. The efficacy of this arrangement was tested on ¢ 
Carnegie as follows: When the regulating temperature of the way 
bath was changed from 30° to 40° C., Copenhagen standard wat 
which was used as the final standard at the end of the last 30°( 
routine salinity run, was left in the cells and was remeasured on i 
following day at 40° C., with the auxiliary resistance Q having jj 
same setting as was used at 30° C. The differences in slide-\j 
readings were converted into differences in salinity and considey 
to be the effect produced by a 10° C. change in temperature of; 
sample. This was done on a basis of 1.0 unit on the slide wire com 
sponding to a change of 0.01 °/o in salinity. This procedure fury 
was based on the assumptions that during the period of about 
hours the salinity of the solution in the auxiliary or Y cell did ng 
change and that the cell constants did not change. Such assumptios 
were justifiable as only a rough determination was made. The slide 
wire reading at the balance of the initial standard was 698.5 in eat 
case, by definition. Either because of changes in cell constants 
changes on the auxiliary cell solutions, the slide-wire readings wer 
slightly different for the final standard than for the initial standart 
If it is assumed that these changes were permanent, the slide-wir 
readings for the final standard should be used, whereas if these change 
are assumed to have been temporary and to have disappeared (suc 
as might be the case if part of the auxiliary cell solution vaporize 
during the run and condensed again afterward), then the slide-wir 
readings of the final standard should be used. Following the remeaswe 
ment of the final standards at 40° C., they were withdrawn and re 
placed by other samples, originally having the same salinity, an 
another series of slide-wire readings taken. Assuming that no change 
in salinity of the final standards had occured, the final standard a 
remeasured should be used. If it be assumed that the final standard 
had changed in salinity, then the fresh standard should be used. 
Thus there are four combinations per cell which will give a temper: 
ture coefficient of salinity. Their means have been taken as showl 


in Table 1, 
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BLE 1.—Data for temperature coefficients of salinity for cells A, B, and C 





















































| Temperature coefficient 
| Observa- | Temper- q Slide-wire 
Cell | — tion ature Standard Q reading | ; 
| |  From— Value 
SS SE | | 
per. d | */oo per ° C. 
|; eae | 20 | Initial. ...5...- 1.913 698.5 | I and ITI_..--_- 0. 0078 
|: as 90 | Fimee.24 2c. 1.913 oe. 1 | Land iV ...... 47 
—— Tas eS ae ee 1.913 706.3 | II and ITI__._- 82 
(je } 1, PROO  a60~n205- 1.913 703.2 | IIand IV....- 51 
ect ‘ame apecnreetpiente 
of ee or cel RRs. A re, writin Laaeicatehan Cais hime . 0064 
Ont Ree ee cae pea i i er 3. 048/ 698.5 Land Tit_...... 0041 
ner ssn chiar 30 | Final.......-.. 3. 048 | 698.2 | and IV.._._- 67 
 —_—ooT 1 a 3. 048 702.6 | Il and III_.--- 44 
ND thy ‘ee VBS AO INO Jo cccecs | 3.048 705.2 | Il and IV__--- 70 
4} | — | | a 
on “AP nie me Eee Tas a ea caneee Bales telehes vihetk st efhreatotdeds! . 0056 
Wate | ues Ae Ee AS feds Seas 
Wate ie. ys 30 | Initial........| 3.208 698.5 | and III_.--- | . 0138 
30° | Ses 30 | Final.....-.---| 3.208 698.7 | Land IV..-.-- 116 
. ies ‘1 Sees 7s aera do_. -| 3.208 712.6 |. Wl ane tL... 136 
On t ee 40 | New...-...--- | 3.208 710.1 | IL and IV_.._- | 114 
ng ty RMT 68 ES ee ee ek cad AO, A SE ee . 0126 
=H} | | | 
idere rai) 
° | @These temperature coefficients, even if accurately determined, 


COmM@™/uld only apply with the same settings of the auxiliary resistance 
UTtieg 6As the settings given above approximately represent ohms and 
ut 4 the resistance of the cells were about 250 to 300 ohms each, it is 
d 1M that the uncompensated sea-water resistance was about 1 per 
DUOMMMt of the resistance of the unknown. ‘Taking the temperature 
sid ficient of electrical conductivity of sea water as 3 per cent per 
| CallMipree centigrade, the temperature coefficient of salinity of the bridge 
uld have been expected to be of the order of 0.0003 X 35.00 or about 
| °/o per degree centigrade. The general agreement between the 
perimental and calculated values indicates that the temperature 
ficient of the bridge arm containing the Y cell differed from that 
the arm containing the X cell by not more than 3 parts in 10,000. 
his would not be true generally, but would depend upon the differ- 
ein cell constants of the X and Y cells and upon the ratio of the 
istance of Q@ to the resistance of the sea water in the Y cell. It 
by be noted, however, that had a wire resistance been used in place 
sea water in the Y cell, the temperature coefficient would have 
nin the neighborhood of 0.0335 or about 1°/o per degree 
tigrade. It should be understood that the wire resistances in 
‘d aie bridge were of manganin, having a negligible temperature co- 
icient, and that when measurements were made the X and Y cells 
Ise. Bibre accurately at the same temperature. 












ow. VI. RECOMMENDED CHANGES IN CONSTRUCTION 


‘Practical experience with the salinity bridges under actual field 
nditions suggests that the instrument might be improved somewhat 
making a few minor changes. The following recommendations 
arding future construction are therefore made. 


4754°—30——15 
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In a multiple X cell bridge (that is, one having more than one pil ha’ 
for unknown solutions) it 1s necessary to change the setting of ;mhoul 
auxiliary resistance Q from one value to another as the different ¢aj djust 
are used. It therefore is necessary, when returning to a given X ¢ifmmpstru 
to be able to duplicate not only the original setting of Q correspond ve 
to that particular cell, but also to have the resistance indicated } 
that setting the same as the resistance for the original setting, TAI ci 
uncertainty of any measurement will hence be affected if the resis ‘ily 
ance of the auxiliary switch contacts is uncertain. While it wo,ifiiiihe ple 
take an uncertainty in contact resistance of nearly 0.1 ohm to prodym The 
an uncertainty in the measurement of about 0.01 °/o salinity, apfilMargel 
while it is easily possible to keep the uncertainty in switch contae eX 
below this figure, it is also true that a defective switch or one of po 
construction can develop such an uncertainty. Good workmanshij 
is important in the construction of these switches. A recommendefmmmeast 
design is one in which the total resistance is soldered into the circyjimimhoul 
and individual coils are successively short circuited by a multi 
spring-leaf dial switch having double diametrical segment contaciimmhat | 
Such an arrangement places two contacts in parallel and, as it qjpncou 
improbable that both contacts will become defective simultancousymmhe s! 
the chance of troublesome switch contacts is thereby reduced. Eyqqagmight 
with good design and workmanship, the switches of the auxiliar 
resistance should occasionally be inspected and tested for uncegmhatt 
tainty of resistance. The constancy of the switch contact resistance 
is improved if the contacts are kept lubricated with clean oil. ec0) 

The size of the electrolytic cells might well be reduced to half th 
dimensions used in the first three instruments. This would redugiiange 
the volume to about one-quarter and would not only mean a saving 
in standard water, but would leave more of the unknown sample {i 
other determinations. A small saving would result from the reduce 
size of the electrodes. The resistance of the cell would be abouithe « 
doubled, thus reducing the importance of contact resistances. Legmque 
space would be needed per cell in the water bath, and possibly leqmwhicl 
time would be required for the sample to come to the regulatingithe s 
temperature. If the voltage of the test current supply is kept tig A 
same, the heat produced by the test current per cell will be halve 
and, as the rate of dissipation of this heat would probably not be sgjjarse 
much affected, the test current would probably have a smaller eflemeadi 
on the temperature of the sample. It is realized that greater cagmet th 
would be necessary in the manufacture of the smaller cells, but it qe s 
believed that the advantages to be gained make the change desirable 

As it was estimated that 15 minutes were required for a sample qt 
reach the temperature of the water bath under conditions of log): ° 
room temperature, and as about two minutes are required for mesg?" ‘ 
urement, rinsing, and refilling, it seems best to have six X cells. The! ty 
number of samples to be measured per run will determine to som 
extent the optimum number of cells. a4 

It is probable that the test current dissipated about 0.005 watt pe 





cell and for future construction it is recommended that the te 
current be reduced to one-half, or less, of that previously used. T! 
resulting loss in sensitivity would be more than counterbalanced \) 
the use of telephone receivers tuned to the frequency of the te 


current; that is, 1,000 cycles, They should still, of course, be select 
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» have about the same impedance as the bridge arms. The tuning 
sould be done at the factory or in the laboratory and should not be 
djustable, as unnecessary adjustments are undesirable in any field 
nstrument. 

Even with careful construction certain inspections should be made 
rom time to time and minor repairs may be necessary in the field. 
\|| circuits should therefore be made accessible, even though ordi- 
arily protected. Hence, ample doors or removable covers should 
ye placed in the case of the instrument back of the panels. 

The range of salinities covered by the bridge will be governed 
krzely by the purpose to which it is to be put, and by the nature of 
he expedition which will use it. If measurements are to be made in 
n-shore waters, or in the vicinities of the mouths of large rivers, a 
wer limit of 28°/o9 salinity or less should be selected. However, if 
measurements are to be made chiefly in the open seas, the lower limit 
hould be at least 30°/o. This would give an upper limit of about 
0 "/. A point to be remembered in selecting the salinity range is 
hat that portion of the range which is below the salinities actually 
neountered at sea is wasted, whereas that portion which is above 
he salinities found in the sea can be used in evaporation work. It 
night be advisable to calibrate an instrument for two overlapping 
anges. If such a procedure is followed it should be remembered 
hat the deep water in most ocean areas is between 34.50 and 35.00 °/o. 
isalinity. It would be well, therefore, to include this in the overlap. 
Recommended ranges are 25.25 °/o to 35.25 °/o and 33.50 °/ to 
13.50 °/o. In this recommendation the lower limit of the upper 
ange and upper limit of the lower range are stressed, the other two 
mits being given merely to indicate the approximate total range of 
the calibrations. The transfer from one range to another may be 
pcomplished by changing only the concentration of the solution in 
he auxiliary cell. However, if such a change is to be made fre- 
uently, much time will be saved by having two Y cells, either of 
sich may be switched into the circuit, rather than actually changing 
he solution in a single Y cell. 

A warning should be given that a calibration curve can not be 
hifted parallel to itself without introducing errors. These errors 
arise from the fact that a change of one division of the slide-wire 
reading at balance means a change of resistance of about 2/7,500 
pt the middle of the slide wire, whereas at the end of the slide wire 
he same change in setting means a change in resistance of 1/7,000 
plus 1/8,000. Differently expressed, the middle 250 divisions of 
he slide wire correspond to a change in salinity which is about 
3 “fo more than the change in salinity correspodning to the lower 
250 divisions of the slide wire. It will be seen, then, that in the case 
1 two overlapping ranges, calibration points on the overlap deter- 
mined on one of the ranges can not be transferred to the other range 
by a constant displacement, but must be determined by actual 
ikeasurement on both ranges, 
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VII. SUMMARY 


The electrical salinity bridge described was the result of the ocey, 
ographic demands of the International Ice Patrol in the North Atlanji 
Ocean. 

An accurate and rugged instrument suited to severe sea conditioy 
ya and instruments built and used with satisfacton 
results. 

The instrument as described compares well in performance wij 
titration measurements, is capable of individual measuremeny 
accurate to within 0.02 °/, and is well adapted to the measuremey 
of total salt. 

The temperature compensation has been tested and found to k 
effective and in agreement with the results expected from theory, 

The calibrations of actual instruments have been compared aj 
= be fairly well predicted for similar instruments built in th 

uture. 

Experience with the first three instruments built has led to tly 
recommendation of several changes in details of construction cop. 
sidered to be improvements over the first models. 


WasHINGTON, June 17, 1930. 
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OTE ON THE INDIVIDUALITIES OF ANHYDROFRUCTOSE 
AND DIFRUCTOSE ANHYDRIDE 


By R. F. Jackson and S. M. Goergen 









ABSTRACT 


Almost simultaneously with the publication of Research Paper No. 79 of the 
Bureau of Standards in which is described a crystalline difructose anhydride, 
I and Stevenson published a description of a new anhydrofructose. These 
wo substances showed such similar physical properties as to suggest their identity. 
It is now shown that difructose anhydride has a different molecular weight and 
elting point from anhydrofructose. The two substances are, therefore, not 
dentical. 





In the course of an investigation’ of the hydrolysis of inulin by 
sulphuric acid in aqueous solution, the authors isolated a group of 
fonreducing disaccharides, one of which was obtained in crystalline 
Horm and shown to be a difructose anhydride. 

Almost simultaneously with the release of this article Irvine and 
Stevenson * published a description of a crystalline anhydrofructose 
which they isolated in 20 per cent yield from inulin. The striking 
similarity in physical properties between these two sugars raises 
ithe question whether they are not identical. The respective prop- 
‘erties previously published are shown in the following table: 





Anhydrofructose | Difructose anhydride 





| 
Pitch | ees eshian 
oS a A WN Dicisictcccmaitdebiaiinniwniadeed | +0. 5. 
[a] > Oe eee Se a RE ee | 1 ge ee me ep ee ie Aaa | +27.0. 

| 123° f125° (sinters). 


SE ae ee ae | 37° (melts). 


poms | (Sugar) .-...------------------| +o a aN a lta, 
weigl sai cpa Gln Ds tea ci inn cece ete asc a i A ce i a tsi ca Visa vin a cok taNswghe esa bch 


Melting point (acetate) .............-..-..-- | 








An important difference is the behavior of the respective sugars 
jwhen exposed to air. Anhydrofructose is deliquescent, while difruc- 
‘tose anhydride remains dry even in an atmosphere of high humidity. 
| The latter will even crystallize from aqueous solutions when evaporat- 
ping in open vessels at room temperature. 

Tn our study of difructose anhydride we had isolated it in the form 

of its hexa-acetate. The determination of the molecular weight of 
the acetate by measurement of the depression of freezing point of 





+ i S. Jour. Research, 3, p. 27; 1929. (RP 79.) 
- Am. Chem, Soc., &1, Pp. 2197; 1929. 733 
é 
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benzene showed so definitely that it was the acetate of a disacchani 
that we deemed it unnecessary to determine the molecular weight ;/ 
the free sugar. In order, however, to differentiate conclusiy¢ 
between this sugar and the anhydrofructose of Irvine and Stevens, 
we have determined the molecular weight and melting point of difr. 
tose anhydride. Mol. wt., Subs., 1.0103; water, 20.298; AT’, 0.307 
Mol. wt., caled., 324; found, 307. Mpt., 162-164°. There is they 
fore no question of the individualities of these respective sugars, 


WasHINGTON, June 14, 1930. 





THE CHLOROPLATINATE-CHLOROPLATINITE 
ELECTRODE 


By Edgar Reynolds Smith 


ABSTRACT 


A platinum electrode immersed in tenth normal potassium chloride solution 
Seontaining a mixture of potassium chloroplatinate and potassium chloroplatinite 
has a definite electromotive force corresponding to the electrode reaction PtCl,-~ + 
©) Cl-=PtCl--+2e-. This electromotive force was measured against the tenth 
Snormal calomel electrode and extrapolated to pure tenth normal potassium 
“chloride solution. The experimental results show that this electrode functions 
sreversibly, 


CONTENTS 


| I. Introduction 
fl. Apparatus - - 
III. Materials - - - - - Sop A ee ee 
SIV. Experimental results. --....------ 
' \. Discussion 
VI. Summary 


I. INTRODUCTION 


An investigation by Miller and Terrey ' has shown that an inert 
electrode immersed in a solution containing sodium chloroplatinate 
fand sodium chloroplatinite acquires a definite potential. Their 
»re‘erence electrode was a calomel electrode containing sodium chloride 
‘instead of the usual potassium chloride and their cell may be formu- 
lated as follows 


~Hg | HgCl, NaCl| NaCl+Na,PtCl, + Na,PtCl, | Pt+ 


| The cell reaction is 
| 2 Hg+Na,PtCl=2 HgCl+Na.PtCh 
The electrochemical reaction at the platinum electrode is 


PtCl,- ~+2e7- = PtClL,- ~+2 Cl- 


Since this electrode represents a new type of chloride ion electrode as 
‘compared with the usual forms, such as Cl, (g), Cl-, Ag | AgCl, Cl- 
} and Hg | HgCl, Cl-, and presents the unusual feature that no change 

in charge occurs during the oxidation and reduction of the complex 

platinum ions, some further experimental tests of this electrode may 
be of interest. 

In this work the potassium salts of chloroplatinic and chloroplati- 

' hous acid were used and the reference electrode was the calomel! half 

cell with tenth normal potassium chloride solution. Liquid junction 

| potentials were made negligible by using tenth normal potassium 

chloride as the solvent for the platinum salts and by using only 





' Miller and Terrey, J. Chem. Soc, (London), p. 605; 1927. 735 
d 
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relatively small concentrations of the latter, thus maintainine , 

° . . © Bt 
practically constant thermodynamic environment.” The cell cap }, 


written 
KCI (0.1) 
— Hg| HgCl, KC! (0.1) PtCl.- - small conens. 
PtCL- -{compared vith 
. 0.1 normal. 


Pt+ 





The expression for its electromotive force is 


7p RT), (PIC ~) 
B= Ey—"9 RF }08e (PEC I,= =) ( 


where the terms in parentheses are the activities of the chloroply. 
inite and chloroplatinate ions. Since activity coefficients depen 
on the ionic strength * of the solution, the data obtained were cy. 
related by means of the empirical equation 


. RT gt Sle _ 
E=EF,- OF loge Pe te ko 


where the terms in parentheses now represent actual concentrati: 
and ¢ is the ionic strength of the solution. If we let 


«ele: dee) 
EB’ = E+ 9% l08e (PEC,= =) 


Equation (2) becomes 
E'=E,+kvo ( 
This equation was tested for the system at 35° C. 
II. APPARATUS 


The cell is shown in Figure 1. The inert electrode consisted o/ i 
piece of lightly platinized platinum gauze 1 by 2.56cm. The cell wa 
immersed in a thermostat containing well-stirred liquid petrolatun 
and provided with a mercury contact regulator and a heater. Th 
temperature was held constant at 35°+0.05° as measured with 1 
calibrated thermometer graduated in 0.2° divisions and read with a 
attached magnifying glass. 

The electromotive force measurements were made with a Leeds é 
Northrup type K potentiometer and a certified standard cell. 


III. MATERIALS 


The potassium chloride was prepared by once recrystallizing the 
‘‘c. p.” salt from water. The salt thus obtained was dried and heatet 
to incipient fusion in a platinum dish. 





2 Washburn, Principles of Physical Chemistry, McGraw-Hill Book Co., New York; 1915. . = 
3 Lewis and Randall, Thermodynamics and the Free Energy of Chemical Substances, McGraw-H" 
Book Co., New York, 1923. 
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ne Calomel was prepared by dissolving purified mercury in cool nitric 
n\fgmpcid and precipitating with hydrochloric acid. The mercury used 
‘BByas “virgin” mercury which had been thoroughly washed _ with 
jilute nitric acid and subsequently twice distilled, first in a Hulett 
Kil] and then in a vacuum still. The precipitated mercurous chloride 
was washed free from acid by decantation, filtered by suction, washed 
epeatedly with tenth normal potassium chloride, and made into a 
paste with the latter and the purified mercury. 
© For the preparation of the platinum salts, platinum sponge and a 
40 per cent solution of pure chloroplatinic acid were kindly supplied 
hy Dr. E. Wichers of this bureau. The platinum sponge had been 
Hurified for use in the preparation of thermoelements and was free of 


= 
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‘ Ficure 1.—The electrode system 
"heavy metal impurities as far as could be detected by spectrographic 
i etermination. It probably contained small amounts (not over 
» 9.01 per cent) of alkali salts. 
For the preparation of the potassium chloroplatinite, platinum 
"Sponge was dissolved in aqua regia, the solution evaporated several 
/ times with hydrochloric acid to expel nitric acid, and subsequently 
[|e Teduced to chloroplatinous acid by means of sulphur dioxide accord- 
/[— ‘4g to the method of Heraeus * as described by Wohler and Frey.° 
|The salt obtained by adding potassium chloride was recrystallized 
-— ‘rst from distilled water, then from hydrochloric acid, and finally 





‘ Heraeus, Ber., 37, p. 1360; 1904. 
* Wohler and Frey, Z. Elektrochem., 15, p. 133: 1909, 
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dried at 80° to 90° to constant weight. The platinum content of thi 
salt was determined by precipitating with hydrogen sulphide in g¢jj 


solution and igniting the precipitated sulphide to metal. The valy[iiii™ For 
found was 47.13 per cent as compared with the theoretical value :jiii an | 


47.01 per cent. 

The potassium chloroplatinate was prepared from the 10 per coy 
solution of chloroplatinic acid. This solution was part of a stogiimhere 
solution prepared from platinum sponge, of the same quality as thyjiiimng¢ 


previously mentioned, by anodic oxidation in concentrated hydy.fimments 
chloric acid. The chloroplatinate was obtained by adding a saturata/m™nd ¢2 
acidified solution of potassium chloride. pould 
The solutions were prepared by weighing the dry salts and the wate entra 
the concentrations being expressed in formula weights per 1,000 ¢ (fie Vv? 
water. tenc 
able 


IV. EXPERIMENTAL RESULTS mure 


The measured values of the electromotive force of the cell, togethe fim "*! 
with the concentrations of the platinum salts in the solutions, an ffio460 
shown in Table 1, which is self-explanatory. Each electromotive form 
value is the average of ten readings taken at intervals over a perio 
of several hours. In any given set of ten readings the maxim 
difference between any two readings was never greater than 0.2 
and was usually less. a 


TaBLE 1.—Emf of cell containing K2PiCl,and K2PtClsin 0.1 M KCl solution at 3 




















Concentra- | Concentra- ‘ | 0458 
tion of tion of ‘otal con- " q 
K2PtChk mole] K2PtCle mole} centration of fe: yen 
per 1,000g | per 1,000g Pt salts : ort) 
H20 H:20 
0. 000483 0. 000520 0. 001603 0. 45852 0457 
. 000252 . 000752 . 001004 47200 3 
. 001956 . 000555 . 002511 . 44095 : 
. 001248 . 001251 . 002499 . 45806 
. 000500 . 002009 . 002509 . 47620 1 
. 002488 002511 . 004999 . 45849 Boluti 
. 003957 . 001017 . 004974 . 44044 ; tiv 
. 008999 . 001026 . 010025 . 43034 Mott 
. 007504 . 002483 . 009987 - 44456 








In Table 2 are given the values of H+ (RT/2F) log, (PtCl,)/(PtCls Hin wh 
at round concentrations, together with the corresponding values 0f™nody 








the square root of the ionic strength of each solution. ion, 
ey} blecti 
TABLE 2.—Emf and ionic strength data calculated for round concentrations vir 
Sin 
Total concen- 1m Rds as 
tration of Pt de E’ allo 
py tae 0.1 of ra ae Parisi 
‘Cl solution se 
mole per 1,000 | V0.1+3(Pt) |. E+oR loge PECh)=- or 01 
g H20 
0. 001 0. 321 0. 4575 
. 0025 . 328 . 4578 
. 005 . 339 . 4584 
.01 . 361 . 4592 Tn th 
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V. DISCUSSION 












For very dilute solutions of electrolytes the activity coefficient, y, 
an ion of valence z is given by the equation 


logy y= 0.52 2 vo (5) 


ere o is the ionic strength. If this equation were valid for the 
nge of concentrations used in this investigation the activity coeffi- 
nts of the chloroplatinate and the chloroplatinite would be equal 
dcancel each other and the value of & calculated from equation (1) 
hould be the same for each measurement. However, the total con- 
ntration of every solution used was greater than tenth normal and 
be values of H, from equation (1), or of ZH’ from equation (3), show 
tendency to increase with increasing ionic strength, as is seen in 
able 2. For this reason, the values of E’ were plotted, as shown in 
igure 2, against the square root of the ionic strength, in order to 
trapolate for the value of Z, in tenth normal potassium chloride 
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FiaurEe 2.—Plot of E’ against Vo 


olution. The value thus obtained, H)=0.4573 v., is the electro- 
Motive force of the cell 


He | HeCl, KCN0.1)prct-- (43 Pt at 35° 


n which (A) is the activity of the complex platinum ions in the ther- 
nodynamic environment of pure 0.1 normal potassium chloride solu- 
ion. This should not be confused with the ‘‘standard”’ or ‘‘molal”’ 
lectrode potential, since the latter is ordinarily restricted to an 
environment of pure water. 

Since this work and that of Miller and Terrey are the only investi- 
rations that have been carried out on this electrode system, a com- 
parison of results is of interest. The comparison, however, is possible 
or only one of their measurements where they used the cell 


NaCl (0.1 N) 

Hg| HgCl, NaCl(1 N) | PtCl,-~(0.0009987) | Pt at 25° 
PtCl,~~ (0.001462) 

Jn this cell the total concentration of platinum salts is 0.00246 molal 


ind the thermodynamic environment is tenth normal sodium chloride 
olution. The conditions are, therefore, comparable with those 
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under which the data given in the second row of Table 2 were obtains 
E (measured) for this cell is 0.5058 v. The liquid junction poten; 
is 0.0105 v. and (R7T/2F) log. (PtCl,—~)/(PtCl,~) = —0.0049, jy, 
therefore, have EH’=0.5058+0.0105—0.0049=0.5114 v. Tak 
the electrode potential of the normal calomel electrode with sodiy: 
chloride to be the same as with potassium chloride (0.2805 y.)*4 
corrected potential at the platinum electrode is 0.7919 v. Miller gy 
Terrey found 21,720 cal. for the heat evolved during the reaciig 
2 Hg+ PtCl, =2 HgCl+ PtCl, by measuring the temperature coeg 
cient of electromotive force of the cell. Using this value in the Gib 
Helmholtz equation we find EH’ = 0.4582 for our cell at 25° with a tor 
platinum molality of 0.0025 in 0.1 normal potassium chloride. 1} 
value for the tenth normal calomel electrode® is 0.3334 v. and, ther 
fore, the corrected potential at the platinum electrode is 0.7916, 
which compares very favorably with the value 0.7919, obtained aboy 
from the work of Miller and Terrey. This favorable agreeme 
depends largely on the choice of values for the potentials of the ref 
ence electrodes and the liquid junction. 

By means of the equations AZ,= —E,NF, AZ,=AH,— TAS,, wi 
E.NF=RT log, K, in which AZ), AHo, ASo, and K are, respectively, ii 
change in thermodynamic potential (Gibbs’s zeta function), the chay 
in heat content, the change in entropy, and the equilibrium consti 
for the reaction 

2 Hg(l)+PtCl,- fin the thermodynamic environment of 
* ? 0.1 N KCI solution 


=2 HgCl(s) + ptcl-!™ the thermodynamic environment} 


| of 0.1 N KC! solution pat 35° 


the following values of these properties can be obtained 
AZ A Hy A So K 
— 21,100 cal. — 21,700 cal.,? —1.9 cal./deg. 9.1 X 10" 
IV. SUMMARY 
The electromotive force of the cell 
KC1(0.1) 


—Hg!} HgCl, KC1(0.1), K,PtCl,(m,) | Pt+ at 35° 
K.PtCl,(mz) 


where m, and m; are small compared with 0.1 has been measured it 
values of (m,;+mz,) ranging from 0.001 to 0.01. The equation 


E=£,—(RT/2F) logem,/m,t+kyo 


in which k& is a constant and o is the ionic strength of the solutiot, 
represents the experimental data and gives a value of 0.4573 v. {0 
E, in tenth normal potassium chloride solution. From this value ¢ 
E, and the known change in heat content accompanying the ¢e: 
reaction, the corresponding change in thermodynamic potentl 
change in entropy and the equilibrium constant were calculated. 


WasHINGTON, February 20, 1930. 


' 





6 Int. Crit. Tables, 6, p.332. 
7 Miller & Terrey; see footnote 1, p 735. 





a 


a  @tmn, rye fe oe 


RP226 


NEW CRYSTALLINE CALCIUM CHLORIDE COMPOUND 
OF e-d-GULOSE AND ITS ROTATION AND MUTAROTA- 
TION IN AQUEOUS SOLUTION 


@ coef By Horace S. Isbell 

















ABSTRACT 


The optical rotation of a-d-gulose is determined from a new crystalline calcium 
hloride compound of a-d-gulose. The calcium chloride is removed from the 
mpound very completely and quickly by means of dry silver oxalate, giving a 
ure gulose solution which exhibits mutarotation. 

The equilibrium rotation of a-d-gulose CaCl, - H,O varies widely with the con- 
entration of the solution. It is shown that concentrated solutions upon dilu- 
Hon with water exhibit mutarotation which indicates that the equilibrium of the 
arious forms of the sugar in solution is altered by a change in the concentration 
f calcium chloride. It is believed that this equilibrium disturbance is caused 
by the dissociation of the double compound of d-gulose and calcium chloride, 
hich is further illustrated by the optical rotations of alcoholic solutions. 
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I. INTRODUCTION 


The determination of the optical rotation of any of the aldohexoses, 
which have not yet been obtained in the crystalline state, is of impor- 
tance. Only three types of the aldohexose sugars (glucose, galactose, 
and mannose) have been obtained in crystalline form, and their rota- 
tions measured. In order to complete the data for calculating the 
foptical rotations of the different asymmetric carbon atoms in the 
jaldohexose sugars’ the rotation of a fourth aldohexose was necessary. 
One of the less known hexose sugars, d-gulose, may be obtained as a 
| pure sirup by the Kiliani? synthesis from xylose. A semicommercial 








'H. S. Isbell, B. S. Jour. Research, 3, p. 1041; 1929. 
‘ Kiliani, Ber., 18, Pp. 3066; 1885. 
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method for the preparation of xylose has been developed at the Nati 
Bureau of Standards * so that sugar is now available in large quantity 
which makes the d-gulose series a particularly attractive field for; 
vestigation. d-gulose was first prepared by Fischer and Stahj 
by the reduction of gulonic lactone with sodium amalgam. 1), 
obtained a crude gulose sirup from which a crystalline phenylhyty 
zone was prepared. This compound was subsequently used for } 
purification of the sugar by Blanksma and van Ekenstein ® who »| 
moved the’ phenylhydrazine with benzaldehyde. Although thy 
obtained a relatively pure product they were unable to bring the py 
gulose sirup to crystallization. Subsequently by the same met) 
other investigators’ including the author, have obtained siniy 
results. Hence, it was evident that a radical departure from ( 
previous method for the purification of the sugar was desira}}; 
This led to the consideration of the coordination compounds of ti 
sugars with inorganic salts. Recently J. K. Dale ® prepared seven 
new crystalline calcium chloride compounds of various sugars who 
molecular rotations agree approximately with the rotations of ti 
corresponding crystalline sugars. In the light of Dale’s work th 
author decided to attempt the preparation of a calcium chloride cone 
pound of d-gulose with the object of obtaining a crystalline derivatiy 
which would serve to establish some of the relations between structu 
and optical rotation in the hexose series. 


II. a-d-GULOSE CALCIUM CHLORIDE 


A crystalline calcium chloride compound was obtained 1 
evaporating in vacuo an aqueous solution of d-gulose containing abo 
two molecular equivalents of calcium chloride. The new substan 
is dextrorotatory and mutarotates to the left indicating that i 
an alpha® form of the sugar. This is the first crystalline compou 
which can be definitely assigned to the a-d-gulose series. As show 
in Figure 1, it crystallizes in colorless prisms. It was shown ' 
be a derivative of d-gulose by the separation of gulonic lacton 
in good yield after the oxidation of the sugar with bromin 
water. The oxidation was conducted according to the method devise 
by C. S. Hudson and the author,” and will be published in a subs: 
quent paper. 


H H 
HOHH yu H OHH 
CH,OH—C—C—C—C—C CH,OH—C—C—C—C—C 
| HOO |\on H O O 


| HH H H 
i——O | 9 








a-d-gulose (1, 5) d-gulonic (1, 5) lactone. 





§ Hall, Slater, and Acree, B. 8S. Jour. Research, 4, p. 329; 1930. 
4 Originally a study of the d- sislana series was projected by C. S. Hudson, who has subsequently resign 
from this bureau. 
5 Fischer and Stahel, Ber., 24, p. 528; 1891. 
6 Blanksma and van Ekenstein, Chemisch Weekblad, 5, p. 777; 1908. 
’ LaForge, J. Biol. Chem., 41, p. 251; 1920. 
§ Dale, B. S. Jour. Research, 3, p. 459; 1929; tees Am. Chem. Soc., 51, p. 2225; 1929. 
® See Hudson, J. Am. Chem. Soc., 31, p. 73; 
10 Hudson and Isbell, B. 8S. Jour. Research, en "150; 1929; J. Am, Chem. Soc. 51, p. 2788; 1929. 
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Figure 1.—Photomicrograph of a-d-gulose CaCl, H,0 
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The calcium chloride compound has served for estimating the optical 
tation of a-d-gulose; and has revealed some interesting properties 
lating to the influence of calcium chloride on the equilibirum of the 
‘erent forms of the sugar in solution. 


1. OPTICAL ROTATION OF a-d-GULOSE 


The optical rotation of a-d-gulose was obtained from a freshly pre- 
ared solution of a-d-gulose CaCl,-H,O after removing the calcium 
jloride with finely powdered silver oxalate. By that reagent the 
aicium chloride is removed very quickly and completely, and the 
sulting solution exhibits mutarotation. The mutarotation constant 
:, + ky = 0.021) for the solution agrees with the mutarotation constant 
r a-d-gulose CaCl,-H,O(4:+k,=0.019). These values are also 
lose to the value given by d-mannose (k,+k,.=0.019),!! the sugar 
hich resembles d-gulose most closely. Since the rate of mutarota- 
ion of the pure gulose solution and the rate of mutarotation of the 
alcium chloride compound are nearly equal, it is possible to extrap- 
late the rotations observed after removing the calcium chloride to 
ero time and thus obtain the initial rotation of a-d-gulose. The 
iitial specific rotation of a-d-gulose was found by this method to be 
-§1.6° (Table 1) which is equivalent to [M]?=+11,100. The 
nitial specific rotation of a-d-gulose CaCl,-H,O was found to be + 37.7 
Table 3) which is equivalent to [M@]?=+11,650. The difference in 
he molecular rotations just given appears to be only slightly more than 
he experimental error. Since the calcium chloride may increase the 
otation of the sugar, the value obtained after removing the calcium 
hloride was chosen for the rotation of a-d-gulose and was used in a 
revious publication ” for the calculation of the optical rotatory values 
or the various asymmetric carbon atoms in the aldohexose sugars. 


Hudson and Sawyer, J. Am. Chem. Soc. 39, p. 475; 1917; also Dale, B.S. Jour. Research, 3, p. 464; 1929. 
See footnote 1, p, 741. 
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TABLE 1.— Mutarotation of a-d-gulose in water 


[1.2238 g of a-d-gulose CaCl;- H20 were shaken with 2g dry silver oxalate in 24.9550 g water: after filtratin {ConceD 
the rotations were read in a 2-dm tube. Density of the solution at 20° was 1.0095 g/ml. Calculated co, 
centration =0.7130 g gulose in 25.50 ml. 7'=20°-0.5°] _ 



























































20 
. ed Observed sac- a}; 
Time after the addition of water charimeter | Calculated !for} — 4,4-,,2 
(in minutes) reading for the gulose 
constituent 
°S 
EE Re See ae! Seen Se, Sa Ce ne ee fe” Se | eo ane 
Ba CAA Re to Le +6. 43 a ie 
elite haltteniest binbibs thd ind wis om edie +5. 50 +34. 0 0. 020 
RE ELAS STD +4. 60 +28. 5 . 020 
| SSBC FET CHER ESE) BUTE OE Ow +3. 80 +23.5 . 020 
_ EE LS eee Set +3. 13 +19. 4 . 020 
Hise ae oe 5 FL SE a et +2. 35 +14.5 . 021 
SEERA S Se eee ee eee +1. 80 +11.1 . 020 t Caleu 
20 OO cocnascncwesndanesareadéhascce +1. 22 +7.6 . 021 SB + {= 
SS RE BF —.02 —.1 . 021 ‘ii 
| SS ee ee eee 2 —.95 —5.9 . 021 ee 
Set ORR) RL 2.25 ~13.9 "021 TABLE 
Ren: ee) ae ae eR Pe ee —3.03 —18.8 21 
_ Spier intee Paeelioial want aie —3. 50 —21.7 021 — 
SRN TET RFPS BRST ROY —4,27 me, Vy oad (ope tee | [Concen 
OUR mendebaetereuteseee | Scene lhbaetaphaulecanaeaawaenenwe . 0206 
t °SX0.3462 P ‘ 
1[a] ne aT » where ¢ designates the temperature of the measurement, °S is the observed saccharin. 
eter reading, 0.3462 is the conversion factor, / the lsngth of the solution in dm, Cits concentration ing per 
ml at ¢° which is equal to pd, where ? is its concentration in weight per cent and d its density in g/ml at (° 
(International Critical Tables, Vol. II, p. 334.) 
1 To—T@ 
2 The numerical value for the mutarotation constant, kith=7 logio a is calculated for all the 
observed values using the first observed value for ro and the final or constant value for ro. 
3 The initial rotation, which is placed in parentheses, is calculated by means of the mutarotation constant 
using the average numerical value, ki+k2=0.0206. If we let the unknown initial rotation be ro, since th 
values of r (+39.8) at the time, ¢ (6 min.) and the constant rotation, rm (—26.4), are known, the equation 
1 ro—r . q P P 
kitk= t logio _—. » is easily solved for ro (+-61.6), the initial rotation. This value for ro is the extrapolated 
value for the rotation of the substance at zero time or at the moment at which it was put in solution. Itis 
not the value used to calculate the numerical value of ki+ko. 
TaBLE 2.—Mutarotation of a-d-gulose CaCl.H,O in water 3 The 
(Ladle ¢ 
[Concentration = 1.2886 g of compound in 25 ml] of solution; tube length, 2dm; T'=20°+0.5° * Cale 
for—y 
i -j Observed [a]*? TABLI 
ime ¥ 7 — saccharimeter Calculated for kitks 
reading the compound 15 ml pe 
°s . a: 
_ CEASE bitkaieiaanemaeues | a, Ce eee 
_ See ERS ee een ee +10. 04 +33. 7 Joawoane ameie 
Tet catelnaimssn heise eeanianinalee +8. 84 +29. 7 | 0. 020 
A te eae eae +7. 84 +26. 3 |  .020 | 
—_ ee een ar +6. 04 +20. 3 | . 019 at 
RR ere er | +4. 19 +14. 1 . 019 | 
—_ ee ene en ee +2. 67 +9.0 019 ( 
— ES eee —.21 —.7 019 a 
—_ NS eee —1.31 —4.4 019 
_ eee eee —2. 31 —7.8 . 019 . 
_ eer an —3. 32 —11.1 Been eee * 
ND occiciec ceed ctudeeeencmeencenn BERS eee veer - 0193 | 
———E a oe. 
1 Calculated as given under Table 1, above, using the following values: ki+ka=0.0193; r=+33, 7°: roe = 
—11, 1°; ¢=2, : 
The 
Ina fin 
>The 
to give 
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TaBLE 3.—Mutarotation of a-d-gulose CaCl,.H2,O in water 
‘Concentration =2.6592 g of a-d-gulose CaCl;.H20 in 25 ml of solution; tube length, 2dm; T'=18.5:40.5° O.} 


























fy aes 1 ” : Observed 18.5 

| Time after making solution | ..ccharimeter [e]) > | keith 

| (in minutes) reading of compound 

‘enn | 

| °s | 

1 Ok... o 2) oie sp SP ae | eee 
(2 ee ee eee ee +18. 03 +29. 3 tn Aaa amouaiel 
py Soe ee Snpancatenaaes +15. 28 +24.9 0. 019 

| ls oeatouwies »caphhon saa cane -++9. 18 +14.9 . 018 

| -) a Se +6. 58 +10.7 018 
ae Se ee +3. 48 +5.7 018 

| 44...-.--------------------- +. 13 2 018 

i Se eee ee —2.7 —4,4 017 

iE Paar Pe —4, 47 a iS ae Ramee Se 
pO a eee |----- 222-2222 2--|--2 2-2 o-oo ee . 0180 

} 











‘Calculated as given under Table 1, p. 744, using the following values: ki++k2:=0.018; r=+29.3°; rcoo= 
mio t=5. 
Taste 4—Mutarotation of a-d-gulose CaCl,.H2O dissolved in aqueous 5 per cent 
calcium chloride solution 


{Concentration=0. 5536 g a-d-gulose CaCl:.H20 in 25 ml of solution in which 1.25 g CaCl:.2H20 had been 
previously dissolved; length of tube, 2dm; T= 20°=+0. 5°) 





























7 | € ied | 
ee see Beas Ybserved | 20 
Time after making solution | sancharimeter | Cee | estes? 
(in minutes) | reading of compound | 
r ee eevee |—- 
, °sS | 
en ee oe eee ee ee | OF a 
ae Ey ne eee eee, ae +2. 76 RG BR eitigen et 
OD. . Jaaiukiadwtae mente sane ee aan +2. 26 te 0. 068 
: aces espa an gk +1. 46 11.4 | 068 
i rh OE: | +. 86 6.7 | 069 
} | 
(a A eee > “ea +.38 3.0 | 072 
aT > eR +. 06 5 | 073 
eT ee ae 2, eee | —.24 —-1.9 | . 072 
d ees i —. 54 —4.2 077 
i eee ee casey | -.71 5, lame (BEM tage Seely 
Average ...<2242 2. eee Ces ae. Slee 070 
U 
1 The value of ki+-k2 in this experiment is larger than the value which was obtained for a water solution 
(Table 3). C. P. calcium chloride usually contains a trace of alkali which accounts for this larger value. 
Calculated as given under Table 1, p. 744, using the following values: ki+k2=0.070: r=+21. 6;t=3 min.; 
ro=—)§, 6. 


TaBLe 5.—Mutarotation of d-gulose after dilution with water and with aqueous 
CaCle 
(5 ml portions of a solution! containing 3.1740 g of d-gulose per 100 ml were diluted to 25 ml (1) with 5 per 
cent calcium chloride solution, and (2) with water. The rotations were then read] 














Diluted with 5 per cent CaCl solution? | Diluted with water 
—= creer ar | | 
Time after Observed sac- P | : , Observed sac- | : 
adding CaCl. charimeter [a] Time afte charimeter | [a] ' 
solution reading of d-gulose yo ges heey reading | of d-gulose 
(in minutes) 2 dm tube) ? ; ” (4dm tube) | 
°8, | aa 
eee ee —0.75 —20.5 Lig Serer See mee —1.95 — 26.6 
Rt — .60 —16.4 tg. 5 eee es —2.00 —27.3 
RNS Ee — .55 —15.0 LA eee are —1.95 } — 26.6 
: en eae ae — .50 —13.6 Le aera —1.95 | —26. 6 
ee ee — .45 —12.3 aR PO ae —1.95 | — 26.6 
| 




















‘The solution of d-gulose was obtained by removing the CaCl: from a—d-gulose CaClz-H20 (1.3947 g 
ina final volume of 25.6 ml). This solution gave a rotation of —4.78 °S. in a 2 dm tube, [a]S= — 26.1. 

? The calcium chloride solution was prepared by dissolving 5 g of anhydrous CaCl: in sufficient water 
to give 100 ml. The mutarotation constants are not recorded because the salt contained a small amount 
of alkali which accelerated the mutarotation. 


4754°—30—-16 
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TaBLE 6.—Mutarotation of d-gulose CaCl,-H,O after dilution with wate 
18.5°C 
[10 ml of the solution shown in Table 3 containing 2.6592 g d-gulose CaClz- H20 in 25 ml were diluted, 


100 ml with water and the mutarotation was followed in a 4 dm tube. Concentration= 1,037 g in ly 
mi of solution] " 


q 











eon ee Observed sac- 18.5 | 
Time after adding water | “charimeter [ae]; | kik | 
(in minutes) | reading of compound | 
1(7, 3) licnwie &iamaieiee 
— 8.1 } 0.019 | 
— 8&5 O13 | 
— 9.4 .015 | 
—10.2 . 017 | 
—11.8 | .020 | 
—12.6 | .018 
—12.9 | 0.17 
—13.4 hccwonmewsuee 
—14.5 scalp ele acelin Sinai 
.017 








1 Calculated as given under Table 1, p. 744, using the following values: ki+k:=0.017; r= —8.1: ro=- 
14.55; t=3. 


TaBLE 7.—Mutarotation of d-gulose CaCl,-H2O after dilution with ethyl alcoh| 
at 18.5° C 

{10 ml of the solution shown in Table 2 containing 2.6592 g d-gulose CaCly- H20 in 25 ml were diluted 

50 ml with absolute ethyl alcohol, and the mutarotation was followed in a 2dm tube. Concentrations 

2.1274 g in 100 ml of solution] 


| Observed sac- 





TT : y18.5 | 
Time after adding alcohol | Ghavimeter {a}; | kitks 
| (in minutes) | reading of compound 
2 | 
C= so sald dibs Ole ss i j 1 (—7, 4) ini absanabaaie 
te 3 . —0. 85 —6.9 pesion of 
{ft ee " — .75 —6.1 (0. 012) 
i Sew — .60 | —4.9 O11 
} 12.- — .50 —4,1 -009 | 
| 2... — .40 —3.3 | . 006 | 
33 — .13 1.1 . 007 
44 + .10 + .8 | . 008 
75 + .40 +3.3 . 007 | 
Dota sees + .95 | Wat”) Rett ela 
RI ect IK i sb sede tdvuutcasdon del . 008 | 


1 Calculated as given under Table 1, p. 744, using the following values: k,+k2=0.008; r= —6.9; t=2 
ro=+7.7. The calculated value agrees within the experimental error with the specific rotation of the solu- 
tion (—7.3) prior to dilution. 

2 The temperature rose slightly upon adding the alcohcl to the aqueous solution, which may account for 
the higher values of k:+-k2 obtained for the first 10 minutes. 





TABLE 8.—Variation in rotation of a-d-gulose CaCl,- H,O with concentration 











| | 
. : | Rotation Per cent? 
e-d-Gulose |‘ ee eel Initial | Equilibrium |Equilibrium!) calculated by | yndissociated 
| CaCl H20 Gar tb [a] [a] *° -_e* ae [a] 7 = a-d-gulose 
—15.4+0.78C, | CaCl: H:0 

g/100 ml g/100 ml 
| 10. 6368 $82 | +487.7 | —7.3 —7.1 15.3 

5. 1544 1. 85 | +37.9 | —11.1 —11.4 8. 1 
| 4. 4640 1. 60 } +37.6 | —11.6 —11.% 7.2 
| 2. 3592 85 | +38. 0 —13.4 —13.6 3.8 

1. 5640 56 | 3=+37.3) | —14.4 —14.2 1.9 
. 8856 32 | 3+4+36.9 —14.9 —14.7 9 
A verage._..)...-- pinata +37. 7 
1 As a matter of record the rotations were measured for light of two wave lengths. [a] * was deter 


mined from observations with a Bates saccharimeter using the conversion factor 0.3462; [al yo ¥% 
determined from observations with a polariscope using the mercury green line (A=546) as a source of light. 


The difference in rotations with light of different wave lengths is not abnormal. 
? Approximate estimation as given on p. 751. 
3’ Omitted from the average, 
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2. EQUILIBRIUM ROTATION OF d-GULOSE CaCl: H,O0 





In the preceding paragraph under Table 8 it is seen that the 
it he jnitial rotation” of a-d-gulose CaCl,-H,0 is not influenced markedly 
‘By variations in the concentration of the compound; while in the same 
able it is shown that the equilibrium rotation varies from — 14.9 to 
-7.3 when the concentration of d-gulose CaCl,-H,O is increased 
spproximately from 1 to 10 per cent. The equilibrium rotation of 
the pure sugar in the absence of calcium chloride does not vary 
reatly, as shown in column 6 of Table 5; thus a solution containing 
1740 g d-gulose in 100 ml gave [a]? = — 26.1; 5 ml of this solution 
hen diluted to 25 ml with water did not exhibit mutarotation and 
rave [a]%3 = — 26.6." Hence, we may conclude that the large varia- 
ions in the equilibrium rotation of a-d-gulose CaCl,-H,O are not pro- 
luced by the variation in the concentration of the sugar, but rather 
by the calcium chloride. 
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Grams CaCl, per 100 Mi. 


Figure 2.—Effect of calcium chloride upon the equilibrium rotation of 
d-gulose 









































he variation in the equilibrium rotation of d-gulose calcium 
) chloride is nearly a linear function of its concentration which may be 
expressed by the following empirical equation: 


[a]20 = — 15.4°+0.78 C (1) 


where C is the concentration of d-gulose CaCl,-H,O in g per 100 ml. 
‘This equation may be converted by equivalent weights to express 
the equilibrium rotation of d-gulose in the presence of calcium 
chloride. The following equation is thus obtained: 


[o]20 = —26.4+3.73 m (2) 


where [a] is the equilibrium specific rotation of d-gulose and m is 
the number of grams of anhydrous calcium chloride per 100 ml of 
Solution. 

The linear curve in Figure 2 represents the latter equation; the 
polnts marked with circles represent the rotations of d-gulose which 


— 





The value [a] ?°= —26.4, which was obtained for the solution given in Table 1, agrees within the 
| “perimental error with the values given above. The value of [a] 3° = —26.4 for d-gulose is equivalent, 
tola] , = ~15.4 for d-gulose CaCly H20. 
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were obtained from different concentrations of the double compo 
of d-gulose and calcium chloride; the squares represent the rotatig, 
of d-gulose to which calcium chloride had been added, and the pyiy 
marked with a triangle represents the rotation of a pure solution, 
d-gulose as obtained after removing the calcium chloride with gilyd 
oxalate. 

It is interesting to compare the effect of calcium chloride upon 4 
equilibrium rotation of d-gulose with its effect upon the rotations; 
other sugars. Murschhauser “ found the specific rotation of d-oulg 
to be +52.8° in water and +56.0° in 2 N calcium chloride solutic, 
The difference in rotation (3.2) is equivalent to an increase of 0.29 fy 
each gram of calcium chloride per 100 ml of solution. Jackson ay 
Gillis *° found the rotation in ° S of a saccharimetric normal sucms 
solution containing m grams of calcium chloride per 100 ml of solutie 
is given by the equation: R=100—0.339 m. This expression j 
equivalent to [a] =66.6°—0.226 m, where [a]i? is the specif 
rotation of sucrose in angular degrees. A comparison of the valu 
for the different sugars shows that the equilibrium specific rotation 
d-gulose is changed 3.73° for each gram of calcium chloride per 100 1 
of solution, while the rotations of d glucose and sucrose are change 
only 0.29° and 0.226°, respectively. An explanation of the mark 
effect of calcium chloride upon the rotation of d-gulose was deriv¢ 
from the changes observed in the rotation of a gulose solution up 
altering the concentration of calcium chloride. 


bal 


SW! 
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3. VARIATIONS IN THE EQUILIBRIA BETWEEN THE DIFFEREN 
FORMS OF THE SUGAR IN SOLUTION 


+ 


If the effect of calcium chloride upon the equilibrium rotation o! 
the sugar were due solely to the presence of the calcium chloride i 
solution, one would expect that upon altering the concentration ¢ 
the salt the change in specific rotation would be practically instar 
taneous. However, if the calcium chloride altered the equilibrium 
between the different forms of the sugar in solution, the change i 
rotation would be slow and would occur at the same rate as thi 
mutarotation of the sugar. A change in concentration of the calcium 
chloride and the sugar is easily obtained by diluting a concentrate( 
solution. Measurements of optical rotation, after diluting a solution 
of d-gulose calcium chloride, clearly show a slow mutarotation, whic 
follows approximately the course of a monomolecular reaction. 

Figure 3 shows the mutarotation of the solution of a-d-gulox 
CaCl,-H,0 which was given in Table 3. After equilibrium ws 
reached, a portion of the solution was diluted to 10 volumes wit 
water. The mutarotation of this diluted solution is given in Table! 
and is illustrated in Figure 3 by the portion of the curve market 
“diluted with water.’’ Another portion of the solution in equilibrium 
was diluted to 5 volumes with absolute ethyl! alcohol; the mutaroti- 
tion of this portion is given in Table 7 and is illustrated in Figure: 
by the portion of the curve marked “diluted with alcohol.” Th 
solution upon dilution with water slowly becomes more levorotatory, 


while the solution upon dilution with alcohol slowly becomes !es 


—_——_—— 


Rotat ion 


Specific. 





‘4 Murschhauser, Biochem. Z., 136, p. 66; 1923. 
4 Jackson and Gillis, B, S, Sci. Paper No. 375, p. 164; 1920. 
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POW rotatory. The extrapolated initial specific rotations of the 
‘atiogi® rtions diluted with water, ([a] = —7.3), and with alcohol, ({e] S= 
’ Pong 7,4), agree with the observed rotation ({a]> = —7.3) prior to dilution ; 
‘10n MM at is, the solutions had practically the same specific rotation 


Sil mediately after dilution as they had before dilution. The rate at 
hich the rotation changes after diluting the concentrated solution 
‘th water (ki +k2,=0.017 at 18.5° C.) agrees with the rate of muta- 
ation of a-d-gulose CaCl,-H,O (k:+k,=0.018 at 18.5° C.), which 
dicates that the reaction is similar to the mutarotation of the sugar. 
s would be expected, the rotation of the portion diluted with alcohol 
anges more slowly than the rotation of the portion diluted with 
ater. But of particular importance is the fact that a different 
uilibrium rotation ({a] %=+7.7) is reached from that given by an 
jueous solution of similar concentration’ ([e] $==— 13.7), which 
ndicates that the equilibrium existing in an alcoholic solution of 
culose calcium chloride is different from the equilibrium existing in 
water solution. 
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vas Figure 3.—The mutarotation of d-gulose CaCl; H,0 
1th 
ep 4. DISSOCIATION OF a-d-GULOSE CaCl; 


- The mutarotation which follows a change in the concentration of 
za @-gulose calcium chloride indicates that in some manner the sugar 
je cquilibrium is disturbed by the change in concentration. Probably 
hogs? Sugar solution contains a number of isomeric ring forms in equili- 
brium."” The addition of a salt to the system further complicates 
sme ‘he condition by forming molecular compounds with the various 
_f® ‘someric forms of the sugar. At this time it is not possible to state 

to what extent the various isomeric compounds actually exist, but 





® Calculated from equation (1), p. 747. 
” Cramer, ‘‘ Les Sucres and Leurs Derives,”’ p. 172, Gaston Doin & Co., Paris; 1927. 
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some of the molecular compounds may be obtained in the crystall 


p sper 
state."* It is probable that in dilute solution the compounds y too 
largely dissociated into the sugar and calcium chloride. The dem Y) 
of dissociation is influenced by the concentration and the solvent lM she s 
change in the concentration or solvent alters the relative amounts, 
dissociated and undissociated compounds. The dissociation i 
mentioned should not be confused with the electrolytic dissociati 
of calcium chloride. The sugar may be associated with calemme V! 
chloride molecules, calcium ions or chloride ions; in the discussiml-gU! 
that follows, the exact nature of the compound is immaterial thoymme S22 
it is spoken of as a calcium chloride compound. According to ;qgecul® 


ib 
hen t 
3.82 


concept there are at all dilutions of d-gulose CaCl, less than infini 
two classes of substances: (1) Associated gulose calcium chlorid 
and (2) completely dissociated a-and 6-d-gulose in equilibrium. 1 
rotation of the solution is equal to the rotation of the undissociat 
d-gulose calcium chloride plus the rotation of the completely dis 
ciated a-and 6-d-gulose in equilibrium. If a calcium chloride coy 
pound of a particular form of a sugar is present in a much lang 
quantity than the calcium chloride compounds of the other forms, 
the sugar upon diluting a concentrated solution that particular fo 
of the sugar would be liberated (by dissociation) in excess of 
equilibrium proportion and mutarotation would follow. It is evide 
that if only one double compound were present the mutarotation whir 
followed a change in concentration would be a measure of the chang 


The 
Cl ° 
nt p' 
bstal 
hyl 
tatio 
at al 
mo: 


in the degree of dissociation. A concentrated gulose calcium chloniiifin ap 
solution upon dilution exhibits a mutarotation similar in directiiiient | 
and rate to the mutarotation of a-d-gulose CaCl,-H,O. Henoll A cc 
concentrated d-gulose calcium chloride solutions contain a lane lea 


proportion of the alpha form of the sugar (combined in some manne 
with the calcium chloride) than dilute solutions. The quantity ¢ 
the undissociated a-d-gulose calcium chloride may be roughly est 
mated from the optical rotations, if we assume as an approximatia 
that (1) the alpha form of the sugar is the only form which 1s associate 
with the salt in sufficient quantity to influence the optical rotatio 
greatly; (2) that the change of rotation with dilution as shown mgjentr: 
column 4 of Table 8 is due solely to the dissociation of a-d-gulosilcoh 
calcium chloride and the subsequent mutarotation of the sugar shor 
free. Thus the rotation of the solution is equal to the rotation dood 
the undissociated portion of a-d-gulose calcium chloride plus thgquec 
rotation of the portion which is completely dissociated, and exisigialt 1 
as an alpha beta equilibrium mixture. It was previously shown igjhe 1 
column 3, Table 8, that the specific rotation of a-d-gulose CaCl,-H,jean 
is +37.7, and that it is fairly independent of dilution or the conceniiider 
tration of calcium chloride. It was shown in paragraph 2 that thg—fonsi 
specific rotation of a-and f-d-gulose in equilibrium is also nearij™he | 
independent of concentration and when expressed on the weight (j™pinc« 
d-gulose (180) equals — 26.4 which is equivalent to — 15.4 expressed cmlirec 
the weight of the compound, a-d-gulose CaCl,-H,0 (309). As showiimposs 
in column 4, Table 8, the equilibrium specific rotation of d-gulosfierie 
CaCl,-H,O approaches with dilution the value just given; hents 
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18 J. K. Dale obtained two crystalline calcium chloride compounds of d-mannase which he believes # 
ring isomers, See footnote 8, p, 742, 
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» specific rotation at infinite dilution is taken as--15.4. If we let 
equal the dissociated fraction of a-d-gulose CaCl,.H,0 then, 
X) equals the undissociated fraction and the specific rotation 
the solution is given by the following equation: 


[alp =37.7 (1-X)-15.4 X (3) 


fe values given in column 7, Table 8, for the undissociated 
-culose CaCl, were obtained from the data given in column 4 of 
same table by the above equation. According to this method of 
culation the undissociated portion of a-d-gulose CaCl,-H,O at 
librium in water solution increased from 0.9 to 15.3 per cent 
hen the concentration of calcium chloride was increased from 0.32 
3.82 ¢ per 100 ml. (Table 8.) 


5. CRYSTALLIZATION OF a-d-GULOSE CaCl..H,0 


The dependence of the degree of dissociation -of a-d-gulose 
»Cl,-H,O upon the concentration of calcium chloride and the sol- 
nt points to the conditions favorable for the crystallization of that 
bstance. Increasing concentrations of both calcium chloride and 
hyl alcohol shift the equilibrium rotation of d-gulose toward the 
tation of a-d-gulose CaCl,-H,O which leads to the supposition 
at an excess of calcium chloride in concentrated alcoholic solution 
most favorable for the separation of a-d-gulose CaCl,-H,O. 
n application of these conditions resulted in a very marked improve- 
ent in the original method for the preparation of that product. 

A concentrated aqueous d-gulose sirup is diluted with a solution of 
least two equivalents of anhydrous calcium chloride dissolved in 
per cent ethyl alcohol. After a short time crystalline a-d-gulose 
aCl,-H,O separates. Frequently crystallization does not start 
once, but usually it may be started by carefully warming the solu- 
on on a steam bath, or, if necessary, by nucleation. A second crop 
crystals may be obtained by saturating the cold alcoholic solution 
ith ether and allowing to stand for several days. Although con- 
ntrated gulose solutions are precipitated with 95 per cent ethyl 
cohol they are almost miscible with alcoholic solutions of calcium 
hloride. The use of the alcoholic calcium chloride solution gives a 
od yield of crystalline product which is difficult to obtain with 
queous solutions. The improved method is so satisfactory that the 
ult may be crystallized from the crude d-gulose sirup obtained from 
he reduction of gulonic lactone without previous purification by 
heans of the phenylhydrazone. If it is desired to prepare a con- 
iderable quantity of a -d-gulose the elimination of this step is of 
onsiderable importance because phenylhydrazine is expensive and 
he filtration of d-gulose phenylhydrazone is frequently very slow. 
ince the new compound, a-d-gulose CaCl.-H,O, may be used 
lirectly for the preparation of many derivatives, it should now be 
possible to extend our knowledge of the chemistry of the gulose 
eries,'? 





" The author has prepared a number of crystalline derivatives of d-gulose from a -d-gulose CaClz-H:0, 


hi 


hich will be reported in subsequent publications. 
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III. EXPERIMENTAL DETAILS 
1. PREPARATION OF CRUDE d-GULOSE 
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The method which was used for the preparation of tke en 
d-gulose was essentially that of Fischer and Stahel.” Ninety gp 
gulonic lactone dissolved in 900 ml of water were placed in a 10-j; 
pail and cooled to and maintained at 0° C. by an ice-salt mixty 
Simultaneously small portions of 2 N sulphuric acid and 2.5 per 
sodium amalgam were added while the solution was vigorously stim 
with a mechanical stirrer. The solution was held slightly acid (pur 
to congo red paper) by adjusting the rates at which the sod 
amalgam and sulphuric acid were added. A total of 2,000 ¢, 
sodium amalgam were added which required about four how 
When the sodium amalgam was exhausted as shown by the fact th 
the addition of sulphuric acid was no longer necessary to mainty 
the desired acidity, the aqueous solution was decanted from ¢ 
mercury and filtered. The filtrate was concentrated in vacuo 4 
about 500 ml. It was then diluted with an equal volume of eth 
alcohol and the sodium sulphate was separated by filtration. 1 
filtrate was made definitely acid (blue to congo red paper) with 2! 
sulphuric acid and then concentrated in vacuo to a thick sir) 
This sirup was diluted with an equal volume of methy! alcohol a 
seeded with gulonic lactone. After two days 25 g of crystalline guloni 
lactone were reclaimed. The alcohol was distilled from the moth 
liquor, which, after diluting slightly with water, was made alkaliy 
(pink to phenolphthalein) with 2 N sodium hydroxide. Care wi 
taken to neutralize completely the remaining gulonic lactone. Atte 
the solution was adjusted to neutrality (colorless to phenolphthalen 
it was concentrated in vacuo to a thick sirup which was then pour 
into 10 volumes of hot 95 per cent ethyl alcohol. The alcohol 
solution was decanted and the residue was thoroughly extracted wit! 
several portions of hot 95 per cent alcohol. After evaporating tl: 
alcohol in vacuo, crude gulose sirup (40 g) was obtained which stil 
contained some inorganic salts, but which was suitable for the prep 
aration of gulose phenylhydrazone, or a-d-gulose CaCl,-H,0. 









PREP, 







i wen 
lrazo 
qum 
ler 
a des 
eral 
ohol 
neent 
rstal: 
olub 
recr 
C00) 
ilut 
less 
dry 






























2. PURIFICATION OF CRUDE GULOSE BY ITS PHENYLHYDRAZON 
The sample of a-d-gulose CaCl,-H,O which was used for the 


determination of its optical properties was prepared from a gulov 
sirup obtained from d-gulose phenylhydrazone by the method 
Blanksma and van Ekenstein.”! 

Twenty grams of the crude gulose sirup were dissolved in 50 ul 
of water containing a few drops of acetic acid and then mixed wit) 
12 g of phenylhydrazine. The reaction occurred quickly and 4 
semisolid product resulted which was kept stirred until the reaction 
was complete. After about one hour the product was filtered by 
suction and washed with water. It was sucked as dry as possible 
and then washed with ether. The hydrazone is very soluble in dilute 
alcohol, but is readily seundinel: from absolute alcohol. About mee 
18 g of recrystallized gulose phenylhydrazone were obtained. The ji‘ 
phenylhydrazine was removed by refluxing 18 g of gulose phenyl *' 













ni 


20 See footnote 5, p. 742. 21 See footnote 6, p, 742. Ww: 
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razone with 15 ml of benzaldehyde, 18 ml of alcohol, and 15 ml 
vater. ‘Che solution was filtered and the filtrate extracted several 
bes with ether to remove the excess benzaldehyde and the ben- 
lehyde phenylhydrazone. After the addition of about 1 g of 
olorizing carbon the solution was filtered and evaporated. At- 
pts were made in vain to bring the resulting colorless gulose sirup 
rystallization. 


PREPARATION OF a-d-GULOSE CaCl,-H,O FROM THE GULOSE SIRUP 
OBTAINED FROM THE PHENYLHYDRAZONE 


Twenty grams of thick gulose sirup prepared from d-gulose phenyl- 
razone were mixed with a solution of 30 g of pure crystalline 
cium chloride in 50 ml of water. The solution was evaporated 
ler reduced pressure to a thick sirup, which, when allowed to stand 
a desicactor over sulphuric acid, crystallized spontaneously. After 
eral days the mixture was diluted with about 150 ml of absolute 
ohol and the crystals (14 g) were separated by filtration. After 
ncentration, a second crop of crystals (5 g) was obtained. The 
rstals are very difficultly soluble in hot ethyl alcohol and practically 
oluble in ether and other similar organic solvents. The salt may 
recrystallized by dissolving in a very small amount of hot water; 
cooling, the crystals separate from the thick mother liquor which 
iluted with absolute alcohol to facilitate filtration. A second crop 
less pure gulose calcium chloride may be obtained by the addition 
dry ether to the mother liquor. _ For analysis the product was re- 
stallized five times and dried to constant weight (18 hours) at 
°C.in vacuo. Analysis calculated for CsH,,0, CaCl;-H,0: C, 23.29; 


| 4.57; Ca, 12.96; Cl, 22.94. Found: C, 23.25; H, 4.55; Ca, 12.99; 
, 22.82. Check sample found: Ca, 12.99; Cl, 22.80. Loss on drying 
0 hours at 100° in vacuo: Subs., 1.0725; loss, 0.0003. It decomposes 
th the evolution of gas and fusion at about 205° C. 


4. OPTICAL ROTATION OF a-d-GULOSE 


The determination of the optical rotation of a-d-gulose was con- 
cted in a constant temperature room at 20° C. 1.2238 g of finely 
wdered a-d-gulose CaCl,-H,0 and 2 g of freshly prepared dry 
lver oxalate ** were placed in a glass-stoppered flask and 24.9550 ¢ 
water were added from a pipette which had been calibrated and 
und to deliver that weight of water in 20 seconds. Preliminary 
periments had shown that 1.2 g of finely powdered a-d-gulose 
AC],-H,0 could be dissolved in 25 ml of water in about 20 seconds. 
he time was measured from the moment when it was believed that 
nlf of the sugar was dissolved. This was about 5 seconds after the 
dition of the first water when about half of the water had drained 
om the pipette. The mean time when the mutarotation started is 
obably within 5 or 10 seconds of the time thus estimated. The 
ask containing the gulose calcium chloride and silver oxalate was 
laken 2.5 minutes, then 0.2 g of decolorizing carbon (Norit) was 
ided and the solution filtered. The rotation of the filtered solution 
as read in a 2 dm “Landolt inversion tube” with a Bates sacchari- 
eter. Initially the rotation was changing about 0.5° S per minute; 





* The silver oxalate was prepared from silver nitrate and slightly acidified (oxalic acid) sodium oxalate. 
Was dried at 40° in vacuo and protected from light. 
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] 
consequently the error in the reading is relatively large (possibly | 
S). The temperature of the solution was measured at intery 
after 6, 13, 18, 25, 30, and 50 minutes the followi ing temperatures y 
observed: 19. 9°, 20. 0°, 20.1°, 20.15°, and 20.15°. After complej 
the optical measurements qualitativ e tests were made on the solu 
for chlorides, calcium, and silver. The tests for chlorides and cale 
were negative. A very faint opalescence was obtained with a drop 
hydrochloric acid which indicated that a trace of a silver salt wa 
solution, but the amount was negligible. The density of the solyij 
was determined with a picnometer which had a capacity of 105 he ¢ 
ml at 20° C. It held 10.7876 g of the solution at 20° C. (w eightel oride 
air) which gives a density of 1. 0095. From the molecular weig)imtion 
1.2238 g of a-d-gulose CaCl,-H,0 is equivalent to 0.7130 g of culqamm0 is 
and 0.0713 gofH,0. This water must be added to the water delivaqummpou 
from the pipette (24.9550 g) because it is liberated when the calcijmmbibit 
chloride is removed. Thus 0.7130 g of d-gulose was _contained| ual 1 
25.0263 g of water, which gives 25. 7393 g of solution. This is equingmmow’s 
lent to 25.5 ml of a solution of 1.0095 density. The values give: gimering 
Table 1 were then calculated as explained in the footnotes. It shod e sug 
be noted that all the calcium chloride was removed in less thy 
2.5 minutes after the addition of water and that the rates of muty 
tation of the CaCl, compound, and the gulose solution are sufficien! 
near to each other that the initial rotation may be extrapolated 
zero time. 
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5. PREPARATION OF a-d-GULOSE CaCl,.-H,O FROM THE REDUCT! 
PRODUCT OF GULONIC LACTONE 


Twenty grams of the thick gulose sirup, which was prepared: 
given before 7! were mixed with a : solution of 30 g of anhydrous cali 
chloride in 150 ml of 95 per cent ethyl alcohol. A small quantity, 
amorphous material was precipitated which was am te by filtr 
tion. The clear filtrate was gently warmed and stirred. After a sho 
time crystallization occurred. (The product usually crystalli 
spontaneously, although with impure sirups nucleation and cones 
tration is necessary.) About 20 g of crystalline a-d-gulose Call 
H,O were obtained. By concentrating the filtrate to 50 ml, 
saturating the sirup with ether, a second crop of crystals (8 g) ¥ 
obtained. The final product, when prepared from sirups contailll 
sodium salts, usually contains some sodium chloride which is diffeul 
to remove. Hence, if one desires only a small quantity of a pw 
product it is usually advisable to start with a pure gulose solutii 
such as is obtained from d-gulose phenylhydrazone. But if a lan 
quantity of material is desired, especially if a small quantity of sodiu 
chloride is not objectionable, it is far easier to prepare it directly in 
the crude sirup. 

IV. SUMMARY 


A crystalline calcium chloride compound of e-d-gulose (CyH:! 
CaCl,-H,O) has been prepared, and its optical rotation studied. | 
exhibits mutarotation: The extrapolated initial specific yen 
[alp = +37.7; at equilibrium, Lele "48: 4°+0.78 C., where 
the concentration of a-d-gulose CaCl,-H,O in grams per 100 1 
the mutarotation coefficient, k,+k,=0. 0193 at 20°C. 





21 See p. 752. 
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{ the calcium chloride is removed from a freshly prepared solu- 
n of a-d-gulose CaCl,-H.O by means of silver oxalate, the 
ulting solution of pure a-d-gulose shows a rate of mutarotation 
+},=0.0206) close to that given by d-gulose calcium chloride 
near to that given by the closely related sugar d-mannose. 
e molecular rotation of a-d-gulose was found to be +11,100, 
ich differs only slightly more than the probable error from the 
lecular rotation +11,650 of a-d-gulose CaCl,-H,O. 
he equilibrium rotation of d-gulose in the absence of calcium 
oride is not appreciably altered by small changes in the concen- 
ition of the sugar, but the equilibrium rotation of d-gulose CaCl). 
0 is greatly altered by small changes in the concentration of the 
mpound. Concentrated solutions of the calcium chloride compound 
hibit on dilution with water a mutarotation rate approximately 
ual to the mutarotation rate of d-gulose. This mutarotation 
ows that the salt changes the equilibrium rotation of d-gulose by 
ering in some manner the relative amounts of the different forms of 
e sugar in solution. 
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(TE ON THE ELECTRICAL RESISTANCE OF CONTACTS 
BETWEEN NUTS AND BOLTS 


By Frank Wenner, G. W. Nusbaum, and B. C. Cruickshanks 


ABSTRACT 


Measurements were made of the electrical resistance between nuts and bolts, 
sing two radically different types of threads, the American National and the 
Mardelet, and different materials. The test specimens were three-fourths inch 

its of copper, brass, bronze, and steel with nuts of the same materials. The 

istances between nuts and bolts were measured with stresses in the bolts, 
ed by turning the nuts, in the range from near zero to well toward the elastic 

imit of the materials. It was found that the contact resistance is usually less 
than a 1-inch length of bolt and that under similar conditions the resistance of the 
erdelet thread is, in general, not more than one-fourth that of the American 

‘ational thread. The maximum resistances found were for steel bolts having the 
merican National thread. For these with a stress of 2,000 lbs./in.? in the bolts 
1c resistance is about 10 microhms, which is the resistance of about an inch 
ogth of the bodies of the bolts. The minimum resistances found were for cop- 
rer bolts having Dardelet threads. For these, with a stress of 6,000 or more 

in2 in the bolts, the resistance is of the order of 0.02 microhm which is the 
resistance of about one sixty-fourth inch length of the bolts. 
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I. INTRODUCTION 


Every piece of electrical equipment requires some sort of connec- 
tions between various parts of a circuit. To facilitate assembly, the 
connections are often made by means of bolts or machine screws. 
When the construction is such that the bolt and nut, or other threaded 
device forms a part of the electric circuit, the electrical resistance of 
such contacts is of more or less importance, depending upon the 
nature of the apparatus, and little, if any, definite information on 
the subject is available. 

The purpose of this investigation was to measure the resistance of 
such contacts when made through different types of threads in 


The types of thread selected were the American National coarse 
thread and the Dardelet thread. The materials selected were steel, 
brass, bronze, and copper; and the stresses in the bolts ranged from 
near zero well up toward the elastic limit of the materials. 


II. DESCRIPTION OF SCREW THREADS USED 


The American National form of thread (formerly the United 
States Standard thread) is so well known that a description is un- 
hecessary. A cross section of this thread is shown in Figure 1 and 
with the nut only in section in Figure 2, dae 

v 
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The Dardelet thread is comparatively new so it will be deserihy 
somewhat in detail. Figure 3 shows the nut in a position which ; 
may take with no tension in the bolt. In this position the y) 
turns freely on the bolt. Figure 4 shows the nut in the positig 
which it takes with the working tension in the bolt. In this positi, 








FiagurE 1.—Section of the American National form of 
coarse thread, formerly known as the United States 3 
Standard thread D 


the nut is locked to the bolt. The inclinations of the sides are tly 
same as the Acme thread. The surfaces at the major diameters « 
cylindrical with clearance between the bolt and nut. The surface 
at the minor diameters are helical cones. 


a 


N : 
XZ | 


Figure 5.—Detailed section of the Dardelet thread with nut in free position 
on the screw 
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When the nut is screwed on the bolt, there is clearance betwee 
the threads of the two pieces, as shown in Figure 3 and also in Figur 
5. When the nut is screwed down by hand into contact with the 
parts to be clamped, the helical cones come into contact. As the 
nut is turned to increase the tension in the bolt, the helical cones ar 
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—_—_—__— 
Figure 6.—Detailed section of Dardelet thread with the locking cones 
compressed and the thrust faces in contact 


compressed elastically until the thrust faces come into contact & 
shown in Figures 4 and 6. The load on the bolt is then sustaine( 
largely by the thrust faces of the threads, and the tapered surfaces 
at the minor diameter of the threads are highly compressed. It 
this close contact which resists the backing off of the nut, evel 
though the tension in the bolt be released. 
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FiGurE 2.—The American National form of coarse thread 
with nut only in section 
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III. METHOD OF MEASUREMENT 


| The measurements were made by passing current from the nut 
the bolt and comparing the drop in potential from the nut to the 
with the drop in potential across a known resistance in the cir- 

The comparisons were obtained from the relative deflections 
{ a galvanometer when connected alternately to the nut and bolt 
nd across the known resistance. The relative resistances were 

nsidered to have the same ratio as the relative deflections of the 
alvanometer when corrected for the different sensitivities which it 
‘as found necessary to use in order to include the wide range in 
Falues found. Precautions were taken to obtain an accuracy sufli- 
ient for the purpose. 
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FIGURE 7 
|] \ a a, General arrangement of jig for current and 
—— wires soldered potential connections. 
—=S_— fo bushin b, Contact details. - ; 
hd c, Sectional view of contact screw insulation. 












IV. TEST SPECIMENS 


| The bolts for the test specimens consisted of three-fourths inch rods 
of machine steel, brass, bronze, and copper. These were threaded in 
accordance with commercial practice, American National coarse 
threads at one end and Dardelet threads at the other. The nuts 
of steel, copper, and brass were all of the same size, thirteen-sixteenths 
‘inch thick and 1%. inches across flats. The bronze nuts were thirteen- 
sixteenths inch thick and 1% inches across flats. The nuts, also, were 
threaded in accordance with commercial practice. In addition, there 
» Was one specimen of machine steel similar in shape to the other test 
Specimens, but made from one piece so as to have no resistance be- 
tween the part corresponding to the bolt and the part corresponding 
tothe nut. This will hereafter be referred to as the one-piece speci- 
‘men. Each nut had three holes drilled to a depth of slightly more than 
| one-eighth inch and reamed, as shown in Figure 7 (6). These were 
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centered on alternate faces of the nut and served for definitely locating 
the electrical connnections. : 


V. APPARATUS 


All electrical connections on the nuts were made by means of th 
jig shown in Figure 7 (a). Six radial screws entered steel bushing 
Soulated, by bakelite bushings, from the body of the jig as shown, 
Figure 7 (c): Figure 7 (6) shows details of the screw contacts with thy 
nut. Three screw points entered holes drilled in the three nonadji. 
cent sides of the nut, and the other three screw ends made euatactd 
the flat surfaces of ‘the intermediate sides. The leads from serey 
1,3, and 6 were connected to conductors of equal resistance and thew 
conductors connected together to constitute the current terminal {y 


2V 





SWii ‘ch 


70 micloomnt 
of bolt 
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lo 3-poin?t 3 
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Figure 8.—Wiring diagram for nut-to-bolt resistance 
tests 











the nut. The bolt current terminal (not shown) was made at the mil: 
dle of the bolt. The leads from screws 2, 4, and 6 were connectel 
to conductors of equal resistance, and these conductors connected 
together to constitute the nut potential terminal. Screw 7 consti- 
tuted the bolt potential terminal. The use of branched current ant 
potential terminals on the nut makes the resistance the same as tie 
average which would be obtained from measurements made with the 
current connection first on one and then on another of the alternante 
faces of the nut, and for each of these three positions of the current 
terminal with the potential terminal first on one and then on anothe! 
of the intermediate faces of the nut. Thus a single measurement gives 
the average of what would be obtained in nine separate measurements 
without branched current and potential terminals. 

The arrangement of the electric circuit is shown in Figure 8. Here 
R, is an adjustable resistance for regulating the current; R, is 4 
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nstant resistance whose value was determined by comparison with a 
sistance standard and used as a reference standard; A; represents 
ree conductors of equal resistance, one in each branch of the three- 
oint current terminal to ensure a uniform distribution of the current 
etween the three alternate faces of the nut; R, is a resistance used to 
roperly damp the galvanometer; 7; is an adjustable resistance for 
arving the sensitivity of the galvanometer; #&, represents three 
onductors of equal resistance, one in each branch of the three-point 
otential terminal, to obtain the mean potential on the three faces of 
ne nut between those faces on which the current is led into the nut. 
his arrangement constitutes a four-terminal resistance including the 
ontact between the nut and bolt, but only a very small amount of 
he material of the specimen. The resistance of the material included 
‘as determined in a manner to be explained later and applied as a 
correction to the measured resistance to get the resistance of the 
ontact between nut and bolt. 

The test current was supplied by a two-volt storage cell and adjusted 
by means of the rheostat R, to the desired value, as indicated by the 
mmeter A. The double throw switch served for closing the circuit 
vith the polarity of the battery in either direction. The resistance 
h. served to change the sensitivity of the galvanometer G, that is, the 
leflection of the galvanometer for a given potential drop in R,, or 
cross the nut and bolt, so that the deflections would be neither 
rompletely off the scale nor too small for reasonably accurate readings. 
‘A screw type testing machine served to measure the tension in the 
bolt, and a hand wrench served to apply this tension and at the same 
time slide the contact to simulate the usual procedure in the assem- 
Ding of such electrical connections. The nut was supported on an 
Hnsulated plate to avoid a short circuit through the frame of the testing 
Pmachine. 
























VI. PROCEDURE 


| With the threads well oiled, the nut resting on the insulated plate 
kupported by the upper head and the bolt gripped by jaws in the 
lower head of the testing machine, measurements of the resistance 
vere made according to the method outlined above for each increment 
of stress (2,000 lbs./in.”) in the bolt. The range of stresses used exten-- 
ied from practically zero to 16,000 lbs./in.? for the copper, brass, and 
bronze specimens, and to 20,000 lbs./in.? for the steel specimens. 
he stresses were calculated for a diameter corresponding to that at 
the root of the threads. To increase the load, it was necessary to 
remove temporarily the jig carrying the branched current and poten- 
tial terminals. Measurements of the resistance were made only after 
kn increase in the stress, except for the initial resistance. With the 
pecimen merely placed in position, the resistance was found to be 
rather high and very indefinite. Before measuring the initial resis- 
ance the nut was turned with,one hand while a downward pull was 
pexerted on the bolt by the other hand. Then with the load reduced to 
merely the weight of the bolt, which was considered zero stress in 
the bolt, the resistance was found to be sufficiently definite to permit 
of measurement. 
Two specimens of each of the four materials were used, and since 
each specimen had American National coarse threads on one end and 
Dardelet threads on the other, 16 sets of values were obtained. 
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The resistance of the one-piece specimen was measured with {iy 
same arrangement of current and potential terminals used in j, 
measurements of the resistance between nut and bolt. The resistay, 
of a 4-inch length of one bolt of each of the four materials was gly 
measured, from which the relative conductiveness of the four mai 
rials could be found. In the latter measurements single-current leaé 
were clamped near the endsof the bolt, while potential connections we, 
made by means of knife-edges attached to a spacer of insulating mat 
rial and pressed lightly against the side of the bolt. From the meg 
ured resistance of the one-piece specimen and the relative conductivitis 
of the materials, the resistances of one-piece specimens of the othe 
materials were calculated. The values for one-piece specimens foun 
in this way were subtracted from the Hrinclamen: 4 resistance of the n 
and bolt specimens and the differences considered to be the resistancg 
of the contacts between the nuts and bolts. The results obtained x 
given in Tables 1 to4 and except for zero stress are shown graphically i 
Figures 9 and 10. Figure 9 gives the results for the two steel spec. 
mens plotted separately. This gives a fair idea of the agreement 
the measurements on duplicate specimens. Figure 10 gives tly 
resistances for all materials plotted to a different scale from that us 
in Figure 9 and here each point represents the average of the vali 
obtained for the two specimens. 


TABLE 1.—Contact resistance between nut and bolt 





Contact resistance 





| 


American National thread Dardelet thread 
Stress in bolt | 





Steel Steel Steel Steel | 
specimen | specimen | Average | specimen | specimen | Average 
No. 1 No. 2 No. } No.2 | 





| 
Michroms | Michroms | Michroms | Michroms | Michroms | Michroms 
300. 4 301.9 301. 2 353. 4 7 


4 49. 7 201.5 
7. 48 1. 28 
. 96 
3. 00 
2. 40 
.74 
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TABLE 2.—Contact resistance between nut and bolt 





Contact resistance 





Stress in bolt American National thread Dardelet thread 





; 
Bronze | Bronze Bronze | bronze | 


| specimen | specimen | Average | specimen | specimen | Average 
No.1 | No.2 No.1 | No.2 | 

Lbs./in.? Michroms Michroms | Michroms | Michroms Michroms Michroms 
2.17 =606}~= (61. 57 44. 87 17. 59 31.77 8 
1.34 | 169 1. 51 . 35 45 

. 86 ; . 84 . 154 | . 186 

. 0 . 58 . 59 . 132 127 

45 | -51 - 48 228 | - 127 


. 33 | . 38 . 355 .089 | . 100 
31 | - 32 315 - 099 - 110 
. 239 3 . 274 -089 | . 110 
239 | . 257 - 248 078 | - 100 
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Figure 9.—WN ut-to-bolt resistance tests on steel (two specimens) 
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Figure 10.—Nut-to-bolt resistance tests on copper, bronze, 
brass, and steel 





r, Nustaum | — Hlectrical Resistance of Contacts 


TaBLE 3.—Contact resistance between nut and bolt 





Contact resistance 





American National thread | Dardelet thread 


Stress in bolt 








Brass | Brass | B rass | Brass | 

specimen | specimen | Average | specimen | specimen | Average 
No.1 | No.2 | “No.1 | No.2 | 

} 





Lbs./in.? | Michroms | Michroms | Michroms | Michroms | Michroms | Michroms 
55.18 | 1118 33. 18 12. 78 15.08 | 13.93 
1. 45 1. 89 1. 67 . 358 <a | . 389 
. 74 1.33 1.04 . 160 18 -170 
- 53 . 97 .75 - 131 - 131 . 131 
34 .73 . 535 -116 6 | - 116 


. 244 . 53 . 387 .101 . 096 . 099 
. 228 . 373 . 301 . 101 . 067 - 084 
.18 . 254 .217 . 096 .081 | =. 089 
. 142 . 195 . 169 - 086 .06 | .073 























TABLE 4.—Contact resistance between nut and bolt 





Contact resistance 





American National thread | Dardelet thread 


Stress in bolt 





| 
| 
Copper Copper | Copper | Copper 
specimen | specimen | Average | specimen | specimen | Average 
No.1 | No.2 | No.l | No.2 





| 

Lbs./in.? Michroms | Michroms | Michroms | Michroms | Michroms | Michroms 
24.9 9% 17.1 | 1. 67 2. 91 2. 29 

. 33 . 30 . 084 : . 088 

-21 . 225 - 036 ° . 0 

- 141 . 134 - 036 : . 022 

. 104 - 106 - 021 


. 093 . 093 . 021 
- 093 . 083 - O11 
. 088 . 078 - 011 
. 098 . 079 . 036 





























VII. DISCUSSION OF RESULTS 


For stresses of 2,000 or more lbs./in.? in the bolts, the contact 
resistance between nuts and bolts is small, and that of the Dardelet 
thread is much smaller than that of the American National coarse 
thread. The highest resistance shown on the graph corresponds to 
the resistance of about an inch length of the body of the bolt. 
| It should be remembered that these threads were well oiled. 
Experience with different types of sliding electrical contacts shows 
that usually the electrical resistance when oiled is about one-tenth 
the electrical resistance when dry. 

The contact resistance is lower with those materials having lower 
electrical resistivity; that is, having higher electrical conductivity. 
However, for otherwise similar conditions all of the observed differ- 
ences in the contact resistance can not be accounted for on this basis. 

We have defined the contact resistance as the difference in the elec- 
tical resistance of two specimens of the same material and dimen- 
sions, one being solid and the other consisting of two pieces (nut and 
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bolt). The idle faces and parts of the tops and bottoms of the threg¢; 
can not be in electrical contact. Further, since these nuts and })) 
had threads of commercial quality, with somewhat rough surfaces ; 
may be seen by reference to Figures 2, 3, and 4, all of that part , 
the surface supporting the load may not have been in electrical co). 
tact. However, with the same load the area in contact was, » 
doubt, greater in the case of the softer materials than in the case 9) 
the steel and greater with Dardelet than with American Nation 
threads. As the stress in the bolt was increased by turning t\ 
nut, it is easily understood that the area in electrical contact woul 
be increased even to the point of being equal to that of the sup. 
porting surface if the stress could be made sufficiently great. Thi 
is at least a logical explanation as to why the contact resistance \ 
lower with soft than with hard materials, lower with Dardelet thy 
with American National threads, and tends toward a minimum rathe 
than a zero value as the stress in the bolts is increased. 

The extent to which the results given in this paper would appl 
under radically different conditions can not be estimated. 
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IX. CONCLUSIONS 


1. The electrical contact resistance (between nut and _ bolt 
decreases as the stress in the bolt increases and becomes nearly con- 
stant as the stress approaches the yield point of the material. 

2. For bolts of the same size and material under equal stresses 
in the bolt, the contact resistance (between nut and bolt) of the 
American National coarse thread is, in general, more than fou 
times the corresponding resistance of the Dardelet thread. 

3. With oiled Dardelet threads on three-fourths-inch bolts under 
stresses of 4,000 or more lbs./in.*, applied by turning the nuts on the 
bolts, the contact resistances between nuts and bolts are less than 
the resistances of an one-eighth inch length of the bodies of the bolts. 


WASHINGTON, June 20, 1930, 
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ADDITION AGENTS IN COPPER ELECTROTYPING 
SOLUTIONS 


By R. O. Hull! and W. Blum 


ABSTRACT 


The effects of various addition agents in copper electrotyping solutions were 
It was found that phenol in the form of phenolsulphonic acid is 
7 Its use permits the electrotypes to be produced in much 

horter time, and to be harder than those obtained in ordinary baths. 
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I. INTRODUCTION 


Many “‘addition agents” have been proposed for copper deposition, 
though comparatively few have been employed on a commercial 
cale. Of the latter, glue is the best known and is used almost univer- 
ally in copper refining. In electrotyping, the conditions for copper 
deposition are quite different from those used in refining. This 
nesearch’ represents a brief survey of the effects of a few typical addi- 
ion agents in copper electrotyping baths, and the definition of the 
most favorable operating conditions for baths containing phenol- 
terme acid, which appears to be the most promising of the additions 
trie¢ 
No attempt will be made in this paper to furnish details for the 
operation of electrotyping solutions. Such information will be included 
na forthcoming revision of Bureau of Standards Circular No. 52. 





I Res search associate, International Association of Electrotypers. 
he The experimental part of this research was conducted by R. O. Hull, employed as a research associate 
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II. FUNCTIONS AND REQUIREMENTS OF ADDITig 
AGENTS IN ELECTROTYPING SOLUTIONS 


In most cases an addition agent is introduced into a depositiy 
bath in order to produce smoother deposits at a given current density 
or to permit higher current densities to be used in the production 
equally smooth deposits. In electrorefining and _ electroplatiny 
smoothness of deposits is more important than in electrotypiy 
Slight roughness on the back of an electrotype shell is actual; 
advantageous, as it leads to better adherence of the type metal uss 
to “‘back up” the copper. 

In general, as the current density is increased, there is a tendency 
for the deposit to become rougher. A further increase in curre: 
density causes the deposit to become “‘burnt’’; that is, dark an 
spongy. The latter condition may result from a depletion of met; 
ions in the cathode film or an increase in the pH of the latter. } 
either case basic compounds are likely to be included in the deposi, 
Whether the permissible rate of deposition will be determined by th: 
appearance of roughness or of burning will depend largely on th 
requirements of the product. 

Practical experience and research have shown that higher currey 
densities can be used without causing burning if a high concentratio, 
of metal ions is maintained in the cathode film. The factors thet 
favor this condition include (a) a high concentration of the metil 
salt, in this case copper sulphate, (b) a high temperature, and (i 
good agitation. However, these conditions produce relatively soft 
copper deposits. In actual practice, therefore, the principal purpox 
of addition agents in electrotyping is to produce harder copper deposits 
than are obtainable under conditions otherwise favorable for rapil 
deposition. Addition agents do not as a rule overcome burning ¢ 
deposits; in fact, in many cases they reduce the limiting current den- 
sity below that which can be used in similar solutions containing 10 
addition agent. 

While meeting the above purpose, it is desirable that an addition 
agent for use in electrotyping should not need close control, as elec- 
trotyping is usually earried out in relatively small plants, without the 
aid of chemical analysis. It is therefore preferable to use a substance 
that is effective over a wide range of concentrations and that does 
not require frequent replenishment. The cost of the addition agent 
is less significant than in refining, which is carried out on a much 
larger scale. 


III. FAVORABLE CONDITIONS FOR OPERATION WITHOUT 
ADDITION AGENTS 


As noted above, the principal function of addition agents in electro- 
typing is to counteract the tendency to produce soft copper deposits 
under the conditions that are otherwise favorable for rapid deposi- 
tion. The first part of this investigation involved a brief study of 
the conditions for rapid copper deposition from solutions containing 
only copper sulphate and sulphuric acid. 

The chief function of the copper sulphate is to furnish the metal ions 
required for deposition. The sulphuric acid greatly increases the con- 
ductivity, an effect which is especially important when high-current 
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TIOMMES ities must be obtained with a limited voltage. (Most generators 
d in electroplating and electrotyping furnish current at 6 volts. 
nerators with two commutators will supply current at 12 volts 


SI) however, a corresponding decrease in their current capacity.) 

NS 

on Be addition, the sulphuric acid reduces anode polarization and thereby 

sind reases the anode efficiency. It also retards the formation of burnt 
Ing 


ig Dn general principles it might, therefore, be assumed that the 
neentrations of both copper sulphate and sulphuric acid should be 
de as high as possible. But the addition of sulphuric acid reduces 
» solubility of copper sulphate; hence it is necessary to select the 
mbination w hich most nearly meets the requirements of metal and 
lrogen ion concentration and conductivity. 
n determining the optimum conditions of deposition, the copper 
3 deposited upon thin sheet lead (about 10 by 15 em or 4 by 6 
ang that had been treated with a dilute chromate solution to 
mit subsequent separation of the copper sheets. The lead was 
din a hard rubber frame and so placed in a glass battery jar that 
h the current density and the agitation were nearly uniform over 
entire cathode surface. The ‘agitation was produced between 
p anode and cathode by introducing air through small holes in a 
ss tube. The rolled copper anode had approximately the same 
ba as the cathode and was placed about 10 cm (4 inches) from the 
er. The temperature was kept within 1° C. of that desired, by 
nersing the vessel in a water bath at an appropriate temperature. 
‘umerous experiments, of which the details are unimportant, 
wed that fairly smooth but soft copper deposits can be obtained 
pidly under conditions such as the following: 


1. COMPOSITION OF THE SOLUTION 





Approxi- | Avoir- 

mately dupois 
. normal | oz./gal. 
L10n 


lec. 





per sulphate, CuSO4.5H30 
jhuric acid, HaSO,4 








2. TEMPERATURE 


40°C. or 104° F. (This is about the maximum temperature that 
n be safely used without softening the wax molds employed in elec- 
btyping. ) 


3. AGITATION 


his good and as uniform as can be produced by introducing air 
ough suitable pipes. 


4. CURRENT DENSITY 


Under these conditions, a current density of 25 amp/dm? (230 amp/ 

)can be used. This generally requires in practice a potential of 
least 6 volts at the tank. When this is not available, or when the 
itation is not the best, the current density may have to be reduced, 
example, to 15 amp/dm ? or 140 amp/ft,? 
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5. TIME REQUIRED 


The deposition of the ordinary electrotype shell with an avens 
thicknes of 0.15 mm or 0.006 inches requires about 13 ampere-hoy 
per dm?® or 120 ampere-hours per square foot. At the maxim 
current density suggested above, about one-half hour will be requir 
to deposit the shell, and a correspondingly longer time when lov 
current densities are employed. When no addition agents are presey; 
it is customary in commercial plants to use a current density of oy) 
about 7 amp/dm? (65 amp/ft.?) and to take about two hours for ti 
deposition. If, therefore, by means of addition agents, suitabj 
hard deposits can be produced in a shorter time, it will be a grey 
advantage, especially in periods of peak production, or for rush orden 


IV. EFFECTS OF ADDITION AGENTS 


Preliminary tests were made in a bath of the above compositin 
with several typical additions that have been used or suggested fy 
copper baths, including glue, dextrin, urea, and phenol. They 
produced the following effects. 


1. GLUE 


Glue had the most marked effect of any addition agent trie 
Under the most favorable conditions with high current densities i 
produced very smooth, hard deposits. The optimum concentratia 
was found to be about 10 mg/l (0.0013 oz./gal.), which is over thre 
times the concentration commonly used in copper refining, in whic 
there is no air agitation and in which a relatively low current density 
is employed (about 2 amp/dm? or 19 amp/ft.?). The concentratin 
of glue must be kept within fairly close limits to be effective. : 
smaller concentration than the above has very little effect at thes 
high current densities, while a much higher content of glue leads 
the production of brittle deposits. ‘There is no method of determi 
ing this small content of glue by analysis. Its estimation by measur 
ing the polarization, as suggested by H. E. Haring * for copper refining 
baths, is not applicable, as the maximum polarization is reached with 
about 10 mg/l of glue. Although glue is being employed successfull 
in a few electrotyping plants, it is not well suited for this purpose. 


2. DEXTRIN 


Dextrin in a concentration of 1 g/l (0.13 oz./gal.) produced deposits 
that were only slightly smoother than those from plain solutions 
When the concentration was increased to 10 g/l (1.3 oz./gal.) the de 
posits were very smooth, but relatively soft. There was no increas 
in hardness of the deposits produced after continued electrolysis. 
Dextrin appears to have no special advantage to warrant its use 2 
electrotyping. 

3. UREA 


A solution containing about 1 g/l (0.13 oz./gal.) of urea first yielded 
a deposit that was smooth, but soft and coarsely crystalline. Alte 
electrolysis for several hours the deposit then produced was hard al 
fine grained. It is evident that any effectiveness of urea as an add 


§ Trans. Am. Electrochem, Soc., 49, p. 417; 1926, 
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i} 
n agent depends upon the formation from it of some substance of 
rorent properties. No attempt was made to identify this secondary 
duct, as it in turn was apparently unstable. Within a few days 
» solution ceased to yield smooth or hard deposits. Similar results 
re obtained with a solution containing about 5 g/l (0.67 oz./gal.) of 
bs. While urea has been used to some extent commercially, it 
huires frequent replenishment and is not, therefore, especially suit- 
ie for electrotyping. 
4. PHENOL 


hen phenol (1 g/l or 0.13 oz./gal.) was added directly to the 
ution, the deposit first produced was very soft and coarsely crystal- 
e. When the electrolysis was continued for several hours, the 
yosits then produced were smooth, hard, and fine grained. Here 
in, it was evident that some product formed from the phenol was 
pre effective than the phenol itself. The most obvious assumption 
1s that the phenol had reacted slowly with the sulphuric acid to form 
enolsulphonie acid. Upon this assumption the latter compound 
ss prepared by heating equal volumes of phenol and concentrated 
Jpburie acid to 100° C. (212° F.) for one hour. The product was 
n introduced into a fresh solution in the amount necessary to yield 
e same concentration of phenol as was used above. Smooth, hard 
josits were then obtained in the first electrolysis. This result 
dicated that it was preferable to add the phenol as phenolsulphonic 
id in order to immediately get beneficial results. Another advan- 
»¢ in using the combined phenol is that in this form it is less readily 
latilized from the agitated solution. Such volatilization causes a 
ss of phenol and also a disagreeable odor. 
Continued tests with solutions containing phenolsulphonic acid 
owed that while an immediate beneficial effect was observed, the 
ximum effect was not obtained until after electrolysis for a few 
ys. During this period the solution acquired a dark-green color, 
dently produced by an optical combination of the blue of copper 
ag and some yellow or brown compound formed during elec- 
ysis. 
Because the solutions are agitated with air, conditions are favorable 
r the oxidation of any organic compounds that may be present. 
mong the products of oxidation of phenol are hydroquinol and 
none. Attempts to identify either t these compounds in the used 
lutions were not conclusive. However, when one of these substances 
as substituted for the phenolsulphonic acid the solution soon dark- 
led and yielded smooth, hard deposits. It is probable that one 
t both) of these compounds is formed in the solution to which phe- 
sulphonic acid has been added, and thus accounts for at least 
rt of the observed effect. 

If so, it might be added instead of the phenolsulphonic acid. 
ydroquinol is relatively cheap and its use might be warranted in 
der to avoid the trouble and inconvenience of preparing the phenol- 
lphonic acid. It was subsequently tried in a few plant tests, but 
T'some reason it did not yield as satisfactory results as did the phe- 
lsulphonie acid. Quinone is relatively expensive, and its com- 
ercial use is probably not justified. A few experiments indicated 
at if the hydroquinol is first treated with acidified dichromate to 
Kidize it to quinone and the resulting solution is added to the bath, 
vorable results are obtained. 
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V. PLANT TESTS WITH PHENOLSULPHONIC ACID 


As the laboratory experiments showed that phenolsulphonic y: 
is useful over a fairly wide range of concentration and that its eff 
are quite lasting, tests were made with it in several commer 
electrotyping plants. These tests showed that by its use hard, smo 
copper deposits can be produced without special precautions at myj 
higher current densities than can otherwise be employed. In 
nection with these tests, analyses of the solutions were made at inta 
vals in order to determine the rate of depletion of the phenolsulpho; 
acid and the effects of such depletion. 

The result of the analysis was expressed as the total phenol equiy 
lent. This included free phenol, that combined as the sulphonic agi 
and any hydroquinol or quinone formed in the bath. The method; 
determining phenol depends upon the fact that free bromine combi 
with phenol or its sulphonic acid to form tribromphenol 


C,H;OH 7 3Br, a .C,H,Br,OH +3HBr 


Under similar conditions hydroquinol and quinone probably fw 
bromine addition compounds. If these substances are present in cx 
siderable amount, the analytical result, expressed as “‘equivala 


phenol,” is only a rough guide to the total concentration of additi 
agent present. 

The method was applied to the analysis of the copper bath as {i 
lows. Dilute a 10 ml sample of the solution to 50 ml and add 2g; 
20-mesh granulated zinc to precipitate the copper. When the copy 
is all removed, filter the solution into a 200 ml flask, and add 1)” 


of a 0.1 N ‘bromine solution” and 50 ml of concentrated hydrochl 
acid. (The bromine solution contains 2.8 g/l of potassium bromut 
and 12 g/l of potassium bromide. It is standardized against (1! 
thiosulphate under the same conditions as are used for the determi 
tion.) Close the flask with a rubber stopper, and heat it in a wat 
bath to 50° C. for one-half hour. Cool, add 2 ml of a 10 per ca 
solution of potassium iodide, shake well, and titrate the liberate 
iodine (using starch indicator) with 0.1 N thiosulphate, which he 
been similarly standardized against 0.1 N dichromate (4.9 g/l K,Cr,0: 
From the volumes of thiosulphate used in this titration and in t) 
standardization of the bromine solution, the phenol equivalent of t! 
solution may be calculated. One ml of 0.1 N bromine solution! 
equivalent to 0.00157 g of phenol 

Tests in several plants showed that after an initial rapid decres 
the average depletion of phenol became less than 1 per cent per di! 
Decidedly beneficial results were obtained in one bath over a per 
of nearly six months, at the end of which period the deposits best 
to be soft and rough. During this time the equivalent phenol 
centration, as determined by the above method, decreased from ! 
g/l to 0.1 g/l. An addition of phenolsulphonic acid was then made! 
bring the concentration back to 1.0 g/l, and the deposits immediate! 
became smooth and hard. 
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VI. CONCLUSIONS 


While phenolsulphonic acid produces no beneficial effects upon the 
sracter of the copper deposits that might not be obtained with other 
lition agents in appropriate concentration, it appears better adapted 
electrotyping than other substances. It is effective over a wide 
ve of concentration and its effects (or those caused by products 
ived from it) persist over a long period of operation. The follow- 
conditions will probably be satisfactory for most electrotyping 


Suggested operating conditions 
SOLUTION— Averdupois 
Copper sulphate, CuSQ,.5H2O---------.-------- ; 
Sulphurie acid, H,SO, 
Phenol (introduced as phenolsulphonic acid) 
TEMPERATURE—35° to 40° C. (95° to 104° F.). 
s URRENT DENsITY— entities mans 
. With very good agitation _= 25 to 30 230 to 280 
. With fair agitation or at lower temperature 10 to 20 90 to 180 
The authors are indebted to N. Bekkedahl, who succeeded R. O. 
ull as research associate and completed the plant tests and analyses; 
so to the officers and members of the International Association of 
lectrotypers for their cooperation and advice, especially in the plant 


bst's. 


Wasurneton, May 1, 1930. 








RP229 


ERMS OF THE ARC AND SPARK SPECTRA OF CHROMIUM 
By C. C. Kiess 


ABSTRACT 


- Tables of terms are presented for the are and first spark spectra of chromium. 
Babcock’s unpublished Zeeman effects have aided in establishing many of them. 
ombinations of these terms account for nearly all the stronger lines of Cr I and 
: JI. All the terms which have been identified conform to the requirements of 
fund’s theory. 


CONTENTS 


J. Introduction 
MI. Tables of terms of Cr I and Cr II 


I. INTRODUCTION 


The terms of Cr I and Cr II, presented herewith in Tables 1 and 2, 
bre published at this time in response to numerous requests which 
have been made of the National Bureau of Standards for the classifi- 
tations of the more prominent lines in the arc and spark spectra of 
thromium. The analyses of these spectra have been in progress at 
Farious times during the past decade at the bureau and elsewhere, and 
although the task is by no means completed, yet the terms already 

entified account for nearly all the strong lines of these spectra which 
re likely to be of interest to astronomers, physicists, and chemists. 
| The classifications made at the bureau have been greatly facilitated 
by new measurements of wave lengths in the are and spark spectra, 
by King’s temperature classifications,' and by Babcock’s unpublished 
Leeman effects, kindly placed at our disposal by him for this work. 
The terms of Cr I (Table 1), belong to the septet, quintet, and triplet 
ystems and include those already published.2 The terms of Cr IT, and 

assifications based on them, belong to the sextet, quartet, and doublet 
fystems. They have been partially described in previous communica- 
hons and publications,’ from which it would be possible to derive 
early all that have been found thus far. But for convenience they 
renow brought together in Table 2. Many of them have been con- 
med by Krémer from an investigation of the Zeeman effect of Cr* 

t Tibingen. However, the term proposed by him for 2°D° is 
indoubtedly erroneous; and the pair of lines at 3291.76 and 3369.06 A, 





‘ Astrophys. J., 41, p. 167; 1915; 60, p. 282; 1924. 
“ huess and Kiess, Science, 56, p. 666; 1922. Catalan, Phil. Trans. Roy. Soc., A 223, p. 163; 1922; Anales 
*. Espafi. Fis. Quim., 21, p. 84; 1923. Gieseler, Ann. der Physik, 69, p. 147; 1922; Zeit. fiir Physik, 22, 
«<8; 1924. Zumstein, Phys. Rev., 27, p. 565; 1926. St. John, Revision of Rowland’s Preliminary Table, 
re 1928. Ruark and Urey, Atoms, Molecules and Quanta, pp. 302-312; McGraw-Hill, New York, 1930. 
'M gers, Kiess, and Walters, J. Opt. Soc. Am. and Rev. Sci. Inst., 9 p. 355; 1924. Kiess, J. Opt. Soc. 
m. and Rev. Sci. Inst., 10, p. 287; 1925. Kiess and Laporte, Science, 63, p. 234; 1926. St. John, Revision 
Row! ind’s Preliminary Table, p. 229; 1928. Dunham and Moore, Astrophys. J., 68, p.37; 1928. Krémer, 
it. fur Physik, 52, p, 531; 1928, Dunham, Contrib, Princeton Univ, Observatory, No, 9; 1929. 
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regarded by him as emitted by the trebly ionized Cr atom, »» 
accounted for by the doublet terms given below. Quite recep; 
Catalin * has published a partial analysis of Cr II, his terms agresin, 
for the most part with those given below. The symbols used ) 
designating the terms are those recently proposed as standard ty 
Russell, Shenstone, and Turner.° 

According to present theories of atomic structure the terms whi 
characterize a spectrum represent the resultants of the interaction 
the electrons outside the closed shells. Hund’s theory ° specifies thes 
terms as to number and type for any particular electron configuratio; 
The low and metastable terms of Cr I result from the configuratiox 
d’s and d‘s?. All the septet and quintet terms which arise from thes 
electron groups have been found except °F. Of the triplet terms, 
few have been found but have not yet been connected with the quintes 
through intersystem combinations. No singlets have been establishe 
thus far. The configurations d°, d‘s, and d*s’ give the low and met, 
stable terms of CrII. All the sextet and most of the quartet te 
possible from these configurations are given in Table 2. Of the dou. 
let terms only a few have been found. The higher terms whic rig 
in both spectra, when an electron is dislodged to a p orbit, have bee 
only incompletely identified. As stated above, however, the tem 
which have been established account for nearly all the stronger lins 
of the spectra and should serve to classify those lines of Cr I and Cr/ 
which are likely to be of astrophysical and spectrochemical importance, 
Further discussion of the terms and their interpretation will be deferred 
until the complete classifications of the spectra are presented in 
subsequent papers. 


II. TABLES OF TERMS OF Cr I AND Cr II 


TABLE 1.—Terms of Cr I 
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BD; | 24, 286. 
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47, 709. 
47, 705. 
47, 702. 
47, 700. 
47, 699. 
4 Anales. Soc. Espafi. Fis. Quim., 28, p. 611; 1930. 


5 Phys. Rev., 33, p. 900; 1929. 
6 Linienspektren und periodisches System der Elemente; Julius Springer, Berlin; 1927. 
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TABLE 1.—Terms of Cr ]—Continued 
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TaBLE 1.—Terms of Cr I—Continued 
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TABLE 2.—Terms of Cr IJ—Continued 
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